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Drought is an increasing issue that many farmers encounter especially in hot arid
climates with little rainfall. High temperatures and inadequate rainfall at certain stages in
crop development can have disastrous consequences to yield. In maize, drought
occurring near or during the flowering stage often causes significant kernel abortion that
greatly impacts potential yield. The trehalose biosynthetic pathway has recently been
found to be important in plant metabolism in response to stress in higher order plants.
Trehalose is currently known throughout the plant and animal kingdoms as an
osmoprotectant, high energy fuel source, structural component, and involved in pathogen
response. New insight on the role of the trehalose pathway focuses on the sugar
phosphate intermediate trehalose-6-phosphate (Tre6P) and its regulatory role on the
Sucrose non-fermenting Related Kinase 1 (SnRK1). SnRK1 has been shown to be a
central regulator of numerous catabolic and anabolic events critical to plant metabolism.
Slight changes in trace Tre6P levels within the plant often cause dramatic phenotypes
suggesting that Tre6P is acting as a metabolic switch in response to carbon availability.
Understanding the role of the trehalose and SnRK1 pathways in higher plant species such
as maize will provide a better understanding of carbon partitioning in plants especially as
it pertains to kernel abortion and potentially increasing yields. This study first explores
the practicality of in vitro kernel culture as a means to evaluate sink strength in the

context of regulation by Tre6P and the SnRK1 pathway on maize inbred B73, a Nested
Association Mapping (NAM) population parent line, and the model organism for this
study. Sink strength is then characterized for 14 additional NAM inbred parent lines as
well as a more detailed analysis of Tre6P and SnRK1 involvement for selected inbred
lines Oh43 and M37W. The findings of this study greatly support the involvement of the
SnRK1 pathway in response to sucrose starvation stress and its regulation by Tre6P.
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Chapter 1
Literary Review

Introduction
Drought is an issue that many farmers encounter especially in hot arid climates
with little rainfall. Inadequate rainfall at certain stages in development can have
disastrous consequences. In maize, drought occurring near or during the flowering stage
has the greatest impact on yield (Westgate, 1997; Setter et al., 200; Westgate & Boyer,
1986). First, it can change the flowering and silking times thus widening the anthesis
silking interval (ASI), and second, it can cause kernel abortion due to the vulnerability of
the underdeveloped kernels and lack of resources in the supporting tissues (Westgate,
1997). For years breeders have been taking a traditional approach to increasing yield by
selecting favorable physiological traits, but as the population of the world increases and
land availability decreases, there becomes a need to explore other strategies and tools
outside of traditional breeding. This exploration of new strategies combining molecular
breeding with traditional breeding has already been accomplished to some degree using
transgenic crops with examples including the advances in herbicide and insect tolerant
transgenic cultivars (Moose & Mumm, 2008; Shiferaw et al., 2011). In terms of drought,
breeders need to not only be knowledgeable of which genes are associated with drought
tolerance, but they should be aware of the proteins encoded by these genes, and the role
of these proteins conserving high yields in drought conditions. A biochemical approach
applied to molecular and traditional breeding will enhance our understanding of genes
controlling stress response.

2

The Rising Demand for Agriculture
Historically, the supply of food has been able to keep up with growing demand.
This was largely accelerated through the green revolution of the twentieth century,
advances in agricultural implements, and improved agricultural practices through the use
of pesticides, herbicides, and fertilizers (Egli, 2008). However , it has been suggested
that the current prediction models for future yields are greatly overestimated because
many of the last century’s greatest advancements in increasing yield were one-time
events (Grassini et al., 2013).
The demand for maize is ever increasing to meet the needs of a growing
population. The population of the world is expected to reach 9 billion by the middle of
this century (Yadav et al., 2011). This challenge is compounded by the fact that the
general trend is the population is leaving rural communities in favor of urban centers with
opportunities. This brings about the logistical challenge of supplying more agricultural
products to these higher populated urban areas (Beddington, 2010). In addition, the
availability of farm land is becoming a significant problem. A simulation study by
Tilman et al., (2011) projected that between 0.2 and 1 billion acres of new agricultural
land would have to be cleared depending on how the land was managed. They postulate
that if the land is managed using optimum agricultural practices the land use would be
closer to the 0.2 billion acres projection. However, if agricultural practices continue as
they are today then the upper bound projection of 1 billion acres is more realistic. They
also point out that new land clearings would have devastating effects on the environment
by decreasing biodiversity and speeding climate change by adding more greenhouse
gases to the atmosphere (Tilman et al., 2011).
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A significant portion of the world relies on maize to meet their nutritional needs.
Although maize is used limitedly for human consumption, there is an increasingly
demand for maize used to feed livestock for meat production, and for industrial products
such as bioethanol (Shiferaw et al., 2011). One of the biggest questions for the 21st
century is, “will food producers be able to meet demands?” The world was given a taste
of the fragility of the world’s food security when there was a food shortage between 2007
and 2008 causing food prices to rise increasing the number of undernourished people in
underdeveloped nations (Battisti & Naylor, 2009). Currently, half of the world is
considered to be malnourished lacking essential micronutrients. For this reason it is not
only important that producers meet food demands, but to produce high quality crops,
such as vitamin A rice, that are fortified with nutrients to combat these global nutrient
deficiencies (Mayer, Pfeiffer, & Beyer, 2008). The stability of the world’s food supply
will depend on the agricultural producers meeting increasing demand.
Drought and Kernel Abortion
Climate change will result in more frequent stressors to be imposed on the
world’s agricultural production. Commercial crops must be resilient to multiple abiotic
stress factors. In a review by Wahid et al, (2007) the subject of the rising world
temperature is discussed in detail as one of the major abiotic stress factors that threatens
future food prospects. One of the major points of this review is that as the world’s
temperature increases, it will become increasingly difficult for breeders and producers to
obtain high yields as heat thresholds for current cultivars across commercial cultivars are
being reached. It is projected with a high degree of confidence that by the end of this
century that the normal growing temperatures for a given season will be in excess of what
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would have been considered record temperatures based on the last century’s data (Battisti
& Naylor, 2009). This is a serious concern considering that almost one half of the world’s
inhabitants live in tropical areas where the rising temperatures will have the greatest
effect (Battisti & Naylor, 2009). Currently over 50% of the land area on the planet is at
risk of drought (Kogan, 1997).
Rising temperatures are only one aspect of the complex drought problem. Water
availability is also a rising concern. Approximately one eighth of the population of the
world lives in water deficient areas and demand for water is projected to increase
(Molden et al., 2007). Boyer (2010) describes that the demand for water is only going to
increase reinforcing the importance of effectively optimizing the utilization of current
water resources and that the future sustainability of agriculture will be heavily dependent
on understanding gene regulated mechanisms in response to drought. Boyer (2010)
further suggests that the two major areas researchers should focus on are genes that
control metabolic events associated with drought induced cell death, and to make drought
experiments more repeatable because drought experiments are often too complex and
have many changing variables.
During water deficient conditions, plants undergo many physiological changes,
especially changes affecting the ASI by decreasing the length of the style and slowing
down silk development, disrupting the timing of pollination and silking (Andersen et al.,
2002). Even if the silks are pollinated, the young kernel ovaries are still in danger of
abortion if the reproductive tissues do not receive adequate photosynthate during
pollination (Westgate & Boyer, 1986). In order to obtain the maximum yield it is critical
that the plant not be stressed during the days leading up to and through pollination.
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Maximum kernel yield is obtained when silks emerge within the first three days of
anthesis and consequently decrease starting at the tip of the developing ear working its
way down as the ASI is increased beyond three days (Westgate, 1997).
The most critical stage of kernel development is right after the plant is
pollinated. Westgate & Boyer, (1985) observed that during this period the plant is still
vegetatively growing and that photosynthates are not being prioritized to the reproductive
tissues until after anthesis. It is also during this time that the endosperm undergoes rapid
cell division and the number of potential endosperm cells and amyloplasts are determined
(Jones & Setter, 2000). Stress at this stage can have consequences for the remainder of
plant growth and development in that it determines the yield potential for the remainder
of the growing season, whereas the later period of grain filling is more tolerant to
stressful conditions and less impactful on the yield (Jones & Setter, 2000). The effects of
drought on early kernel development can be so severe that even if the pollination is
successful, the kernel can abort in as little as a few days if drought conditions do not
improve (Westgate & Boyer, 1986). Even if drought conditions do improve shortly after
pollination and adequate watering is maintained throughout the duration of the
maturation process, there can be significant reduction of yield (Hiyane et al., 2010).

Plant Hormones in Response to Drought
A large part of the plants response to abiotic or biotic stress is through hormones.
The classically known plant hormones called phytohormones are auxin, abscisic acid
(ABA), cytokinin, gibberellin, and ethylene. Each of these have significantly different
structures, receptors and pathways they regulate (Santner & Estelle, 2009). The
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phytohormone auxin is a versatile hormone and has been found to have both short and
long distance transport mechanisms and often regulates morphological attributes of a
plant by creating gradients or localizing in certain areas to cause tissue differentiation
(Vieten et al., 2007). The phytohormone (ABA) under normal conditions is known to
have a critical role in seed development, growth processes, the formation of seeds, and
maintaining seed dormancy during seed maturation (reviewed in Santner et al, 2009).
During seed development ABA induces the synthesis of storage and lipid proteins and is
produced both by the embryo and in source tissues which are translocated to the embryo
throughout development (Ober & Setter, 1992). When under stress, extra-embryonic
ABA is moved into the embryo from the source tissues which results in decrease or
complete inhibition of embryonic cell division which can lead to kernel abortion (Setter
et al., 2001; Jones & Setter, 2000).
Interestingly, kernel abortion is greatest at the apical portion of the developing
maize ear in contrast to the basal end. This is strongly correlated to increased levels of
ABA in the apical portion of the ear (Setter et al., 2001;Wang, 2002). Studies have
shown that the main source of ABA in endosperms subjected to water deficit conditions
is the source tissues consisting primarily of leaves. This demonstrates that drought
response is a systemic response and not simply a localized response (Jones & Setter,
2000). Another well-known function of ABA is the regulation of stomatal opening.
ABA regulates stomatal opening by inhibiting the H+-ATPase and K+ channel which
causes the depolarization of the plasma membrane resulting in the loss of osmotic
pressure in the stomatal cells causing the stomates to close (Goh et al, 1996). This
hormonal action has multiple consequences on a growing plant. One such consequence is
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the buildup of reactive oxygen species (ROS) from the limited CO2 which means that free
electrons are transferred to O2 forming different reactive species which can be
destructive to plant tissue and cause yield loss (Asada, 2006).
Other classical plant hormones that have been demonstrated to be important in
drought response are ethylene and cytokinins. Ethylene is known for its role in fruit
ripening (Adams & Yang, 1979) and is synthesized in all plant organs. It is regulated by
both the environment and genetic regulation in much the same way as auxin which is
known to induce the synthesis of ethylene (Santner et al., 2009). Ethylene behaves
similarly to ABA in that increased levels of ethylene results in inhibited cell division and
apical kernel abortion; however, it was shown in a shading experiment that ethylene was
quicker to respond to the treatment than ABA, IAA, and cytokinins implying that
ethylene may be initiating kernel abortion (Cheng & Lur, 1996). A later study showed
that ethylene has a major role in regulating senescence associated with kernel abortion in
cereal crops for different types of stress such as heat, salt, or low water potential (Hays et
al., 2007). It was also shown in the same study that the ethylene signal starts in the
embryo and proceeds to the source tissues in response to heat stress implying that the
senescence signal is coming from the stressed embryo telling the plant to shut off sink
signaling (Hays et al., 2007). Normally ethylene levels peak approximately 16 days after
pollination during the cell differentiation stage and then peaks again at the end of seed
development (Jones & Setter, 2000).
Increased levels of cytokinins have an opposite effect compared to high levels of
ABA and ethylene. In a study where cytokinin genes where overexpressed in maize, it
was found that kernels and source tissues had higher cytokinin levels resulting in higher
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starch and sugar accumulation and consequently higher yields (Peleg et al., 2011). ABA
levels are also observed to rise throughout the plant and accumulate in kernels prior to
kernel abortion (Ober & Setter, 1992). This may be due to the function of ABA in kernel
development by initiating dormancy (Seo, 2002).
Sugars have been shown to be important in plant hormone signaling. For
instance there is a strong relationship between sugar signaling and ABA sensing. It has
been shown that feeding sucrose to Arabidopsis seedlings increases ABA levels and
when ABA is fed to the Arabidopsis seedlings, the sensitivity to sugar signaling increases
(Arenas-Huertero et al., 2000). For a detailed discussion of sugar signaling and the effect
of sugars on plant development see the review paper by (Eveland & Jackson, 2012). At
first very little was known about sugars acting as hormones and the interaction of sugars
and hormones. An earlier study by Reed & Singletary (1989) researched the role that
sugars and hormones have in kernel abortion from loss of photosynthate induced by
shading treatments. They found that sugars in the kernels did not vary significantly
except for cob tissue which increased with kernel abortion. As more research is being
done in the area of sugar signaling, the understanding of the role of sugars in regulation is
only beginning to be understood.

Source and Sink Dynamics
Developing embryos sink tissues must obtain energy for reproductive growth
from source tissues that have photosynthetic capabilities to sink tissues to maintain
reproductive growth. During drought conditions, maize plants often repartition available
photosynthetic products at the expense of the reproductive tissues (Boyer, 2010). Sink
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tissues such as starch can help buffer the effects of drought by supplying glucose during
starvation through the action of acid invertases located primarily in the pedicel. However,
low levels of accumulated starch in early stage ovaries will not able to support the ovary
for a long period of time (Figure 1.2) (McLaughlin & Boyer, 2004). One of the reasons
for the inability of kernels to survive prolonged drought stress is that if the drought stress
persists beyond the ability of the sink tissues to compensate, the developing ovary may
lose the ability to utilize sucrose during water deficient conditions by changes in the
embryo’s metabolic state (Andersen et al., 2002). Even if some sucrose is available, the
developing embryo will be unable to use the available sucrose and the damage will be
irreversible. One explanation for this is that as the plant attempts to conserve water
during drought, stomata close, reducing gas exchange through the leaf, and limiting
photosynthesis. When this occurs, the plant responds by activating a sequence of
senescence genes which explains why irreversible damage to yield is observed when
drought occurs during pollination (McLaughlin & Boyer, 2004).
The sucrose from photosynthesis is the primary source of carbon for building
starch in a developing endosperm (Pan & Nelson, 1995). Sucrose is used by the plant to
fuel glycolysis and respiration, or partitioned to storage molecules like starch (Sturm,
1999). In cereals, the top leaves and the flag leaf are generally the primary source
tissues for developing embryos, and the size of the embryo determines the extent of sugar
and starch loading (Hirota, 1990; Sicher, 1993). In maize, kernels are composed of
approximately 70% starch of which 30% is amylose and the rest is comprised as
amylopectin (Green & Hannah, 1998). Starch is synthesized by first hydrolyzing sucrose
into UDP-glucose and fructose by sucrose synthase. The UDP-glucose is then converted
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to glucose-1-phosphate (Glc1P) by UDP-glucose pyrophosphorylase. The Glc1P is then
converted to ADP-Glucose by ADP-glucose pyrophosphorylase (AGP). This step has
been shown to be the rate limiting step. The ADP-Glucose is converted to amylose and
then amylopectin and phytoglycogen by a starch branching enzyme and then back to
amylopectin by a starch debranching enzyme (reviewed in Keeling & Myers, 2010).
Cereal crops differ from other plants in that they have AGP in the cytosol of the
endosperm tissues and not exclusively in the plastidial tissues. However, in non-cereal
plants AGP is localized only to the plastidial portion of the endosperm. By having
cytosolic APG, it has been suggested that this allows for more sugars to be partitioned to
starch production when sugar is plentiful (Beckles et al., 2001). Since non-cereals have
only plastidial AGP, the imported sugars, in the form of sugar phosphates, can be used
for other pathways instead of starch production. However, because cereals have both
cytosolic and plastidial AGP more sucrose can be partitioned to starch production
(Beckles et al., 2001). The AGP in maize forms a tetrameric enzyme of two large
subunits and two smaller subunits, the larger subunit is 54 KDa in size and coded for by
the Shrunken2 gene (Sh2) and the smaller subunit which is 51 KDa is coded for by the
Brittle 2 gene (Bt2) (Green & Hannah, 1998). Both Sh2 and Bt2 have been shown to be
critical in the production of starch in maize. Mutants for Sh2 and Bt2 have resulted in the
accumulation high levels of sugar in endosperm tissue and a loss in the ability to produce
starch in Arabidopsis and potato tubers (reviewed in Pan & Nelson, 1995). When one or
both of the Sh2 or Bt2 genes are overexpressed, significant weight gains have been shown
in maize kernels throughout the different stages of the kernel development which brings
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to light the potential of these two genes for potential breeding applications (Li et al.,
2011).
Another critical process subjected to regulation in C4 plants and critical for
successful loading of photosynthetic products from source tissues such, as mesophyll
cells and bundle sheath cells, are sucrose transporters. In maize, a sucrose transporter
was identified and shown to be highly active in source tissues such as leaf tissue and in
sink tissues such as pedicels and mildly active in developing kernels (Aoki et al., 1999).
The function of these transporters is to translocate sucrose from photosynthetic tissues to
non-photosynthetic tissues establishing a sucrose gradient that drives sucrose transport
via the phloem (Sauer, 2007). The sucrose transporter works as a 1:1 sucrose/H+
symporter (Bush, 1990) that has the capability to raise the concentration of sucrose inside
the phloem magnitudes higher than the apoplastic tissue where the sucrose is loaded into
the phloem from the mesophyll and bundle sheath cells (Bush, 1993).
It has been noted in a review by Eveland & Jackson (2012) that a very exciting
area of science will be determining which roles of sugars participate in as metabolic
regulators. It has been observed by many researchers that sugars seem to act as global
regulators for gene expression and can often have very tissue specific effects in much the
same way as plant hormones. A review by Ainsworth & Bush (2011) reviewed evidence
that demonstrated that the processes of photosynthesis is highly correlated to sugars
utilization in sink tissues. It was observed that decreasing the sink activity causes buildup
of sugars which inhibits photosynthesis genes in the leaves and favors the up-regulation
of storage genes as well as senescence genes. This is why sink strength is so important
for having plants with a greater capability to assimilate sugars. For instance plants that
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load sucrose apoplastically have more control on sucrose import by the number of
sucrose transporters present on the membrane (Ainsworth & Bush, 2011).
This brings to light a potentially powerful area of study for plant breeders to
explore. One potential way that crop productivity could be increased is by increasing the
activity of sucrose transporters to move more photosynthate from source to sink tissues
and because it would alleviate any inhibitory effects that increased sugars may have on
the rate of photosynthesis in leaves (Dasgupta et al., 2014). Ainsworth & Bush (2011)
suggests that one potential way to increase yield is by uncoupling the phloem loading
sucrose sensing mechanism. If sucrose levels in the mesophyll are maintained at low
levels, then the photosynthesis rates would not drop and the plant would produce more
photosynthate. Another way that they suggested would be to overexpress SUT in order to
keep the sugar levels lower in the mesophyll cells. Both of these approaches are based on
the observation that the onset of senescence is often accompanied by the buildup of sugar
in leaf tissue. Therefore keeping sugar levels low would delay senescence allowing for a
longer period of time in which to produce photosynthates and increasing yield
(Ainsworth & Bush, 2011).
Invertases also have been shown to play an important role in sink source relations
in response to drought. The non-reducing sugar sucrose is not directly usable in plant
metabolism. For this reason invertases and sucrose synthases are needed to break sucrose
into monosaccharides glucose and fructose (Kim, 2000). There are three different
invertases: cell wall, cytoplasmic, and vascular. Cell-wall bound invertases are insoluble
and vacuolar are soluble; both of these invertases are acidic. Cytosolic invertase on the
other hand is soluble and neutral (Kim, 2000). The cell-wall invertase is in the apoplast
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and breaks sucrose into glucose and fructose which it transports into the cytoplasm to be
used in metabolic processes. Cytoplasmic invertase breaks down sucrose is cytoplasm to
also be used in respiration, biosynthesis, and gene regulation. Then there is vacuolar
invertase which is involved in taking sucrose in the vacuole and converting it to glucose
and fructose to be used in building storage molecules like starch (Sturm, 1999). When
experiencing drought stress, vacuolar invertase (Inv2) is the most vulnerable to stress and
its transcript levels decrease in the developing ovary under water deficiency stress
(Zinselmeier et al., 1995). Invertases have a strong influence on sugar signaling because
they can enhance sucrose movement by the sucrose gradient it creates between source
and sink cells and the phloem (Kim, 2000). For instance changes in invertase activity in
either the source tissues or the sink tissues can limit the amount of sucrose loaded into the
phloem and change the gradient which can alter the rate of sucrose transport (Kim, 2000).
This has major consequences on plant metabolism especially relating to glycolysis and
the TCA cycle because the lack of sucrose hydrolysis directly affects hexokinase (HXK)
activity which requires a constant supply of glucose to keep metabolism and the electron
transport chain functioning normally. During drought invertase activity is unable to keep
up with the demand from respiration resulting in increased mRNA transcript in the ovary
marking a switch from anabolism to catalysis and the production of damaging ROS
(Kakumanu et al., 2012).

SnRK1 Signaling Pathway
A signaling molecule of great interest with respect to plant metabolism and
especially stress response is the Sucrose non-fermenting-1-Related protein Kinase 1
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(SnRK1), and its proposed regulation by the sugar phosphate trehalose-6-phosphate
(Tre6P). SnRK1 is a calcium independent protein kinase similar to animal AMPactivated protein kinase (AMPK) and yeast Sucrose Non-Fermenting-1(SNF1) protein
because it acts as a metabolic switch for a cascade of regulatory events that impact
development, transcription, and metabolism (Zhang et al., 2009). In mammals, the
AMPK pathway is triggered by high AMP which corresponds to low ATP and glucose
often indicative of cells under stress (Wilson et al., 1996). AMP works by inhibiting the
dephosphorylation of AMPK by a protein phosphatase. However, for the SNF1 pathway
in yeast this is not the case. AMP levels do not seem to have an effect on the SNF1
pathway (Halford & Hey, 2009). It has been observed that the activity of SNF1 upon
dephosphorylation is rapidly decreased in the presence of high levels of glucose and
inversely the SNF1 activity is high when there are low levels of glucose (Wilson et al.,
1996). When activated by stress, SnRK1 behaves in a similar way to AMPK and SNF1
promotes cell breakdown and inhibits biosynthesis. In this way SnRK1 helps regulate
metabolism by adapting to varying carbon availability (Baena-González et al., 2007)
which is monitored in part by the HXK signaling pathway by sensing the glucose
availability and known to activate SnRK1 (Kakumanu et al., 2012). For an illustration of
the SnRK1 pathway see Figure 1.1
Evidence suggest that increases in Tre6P level has an inhibitory effect on SnRK1
which acts as a regulator of homeostasis and metabolism in plant cells implying that
Tre6P plays has an important role in resource partitioning which may be sensitive to
influences such as drought (Zhang et al., 2009). Unlike the AMPK and SNF1 pathways
in mammals and yeast, the SnRK1 pathway in plants has been shown to respond to Tre6P
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and sucrose rather than to AMP levels which then activates many metabolic genes
including those coding for sucrose synthatase and AGP to make starch (Halford & Hey,
2009). One of the goals of this study is to provide insight into the role of the trehalose
biosynthesis pathway in metabolic processes. Whereas there has been research on the
trehalose pathway in model organisms such as Arabidopsis (Schluepmann & Dijken,
2004; Wingler et al., 2012; Vandesteene et al., 2012), there has been little done in major
commercial crops. This is true especially in regards to the intermediate Tre6P and its role
in the SnRK1 signaling cascade which has been shown to be important in regulating
many metabolic processes (Zhang et al., 2009; Paul et al., 2010, Baena-González et al.,
2007). It was first thought that trehalose and Tre6P functioned as storage carbohydrates
for plants similar to sucrose (Elbein et al, 2003), but it has been shown that Tre6P levels
do not always follow the same trends as sucrose (Henry et al., 2014). This suggests that
Tre6P has a much different role as a signaling molecule much like a hormone rather than
an alternative energy source in higher order plants such as maize (Martínez-Barajas et al.,
2011).

Trehalose Biosynthetic Pathway
Trehalose is a non-reducing disaccharide that is found in a variety of organisms
including bacteria, fungi, insects, and plants. In the trehalose biosynthetic pathway,
trehalose phosphate synthase (TPS) combines UDP-glucose and Glc6P to form trehalose6-phosphate (Tre6P). Then the enzyme trehalose phosphate phosphatase (TPP)
dephosphorylates Tre6P to form the disaccharide trehalose. Trehalose can then be
converted to two glucose monosaccharides by the enzyme trehalase (reviewed in O’Hara
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et al, 2013). See Figure 1.3 for a diagram of trehalose and the trehalose biosynthetic
pathway.
Trehalose has been found to have many different applications in both the animal
and plant kingdom, however it is not found in mammalian cells. In fungal spores,
trehalose is believed to be a source of energy and is involved in germination. In bacteria,
trehalose has been suggested to have more of a structural function as well as energy. In
insects, trehalose is found in significant amounts in larvae and adult insects and is known
to provide glucose for energy to be used in flight (reviewed in Elbein et al., 2003). One of
the really fascinating functions of trehalose is its role as an osmoprotectant against
desiccation during periods of low water availability (Crowe et al, 1992).
Trehalose’s osmoprotectant stability comes from the alpha linkages of the
reducing ends of the disaccharide which allow trehalose to be resistant to hydrolysis
during harsh conditions (Birch, 1963). Trehalose also forms hydrogen bonds with
enzymes and membrane structures maintaining their liquid phase when water is scarce
which can be almost completely dehydrated and still retain molecular integrity protecting
cellular structures similar to how a chaperone protein is capable of preserving the
integrity of a protein (Crowe, 2007). An extreme example of organisms with increased
desiccation tolerance by the presence of trehalose are anhydrobiotic organisms such as
brine shrimp which are capable of withstanding almost complete dehydration and spring
back up when water is once again available (Crowe et al., 1992). Undoubtedly trehalose
has an important role as an osmoprotectant in plants and animals, but there is also
evidence that trehalose has a function in immune response to pathogens. An example for
the role of trehalose in pathogen response is demonstrated in a study on clubroot disease
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in Arabidopsis where trehalose levels were found to be significantly higher in tissues
throughout the whole plant (Brodmann et al., 2002). Clearly trehalose is a versatile sugar
that the application and uses in various living organisms are only recently beginning to be
understood especially in understanding the role trehalose has in stress response.
It has already been demonstrated in tobacco that by inserting trehalose
biosynthetic genes it increases the plants ability to survive and grow under low water
conditions. However, severe side effects such as dwarfism and morphological defects are
often present (Romero et al., 1997). In flowering plants, trehalose is often observed in
nanomolar levels, yet there many genes that encode TPS and TPP that suggests trehalose
and its intermediate forms may perform a regulatory or sensing role in plant metabolism
especially in regards to source-sink relations (Gómez et al, 2006; Vandesteene et al.,
2012). There are 11 known TPS genes of either class I or class II, 10 TPP genes and only
1 trehalase gene. All of the TPP genes have been shown to have active catalytic
domains; however, only the class I TPS gene has been shown to be catalytically active
(Vandesteene et al., 2012).
The trehalose pathway has been shown to be essential in higher order plants
especially with regards to the activity of the TPS class I gene TPS1. For example, an
Arabidopsis TPS1 knockout proved to be lethal to embryonic growth (van Dijken et al.,
2004). TPS genes have also been demonstrated to be important for the growth and
development throughout the life cycle of a plant. In an experiment in which plants were
fed trehalose, TPS1 deficient plants were unable to recover to the normal phenotype
which provided evidence of the importance of the TPS1 gene in development and the
importance that the TPS product Tre6P intermediate may have in growth and
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development (Eastmond et al., 2002). In addition to the importance of the TPS genes in
plant development, the TPP gene is suspected to have a role in apical meristem growth
and inflorescence development. There is evidence that the Ramosa 3 gene in maize is a
TPP gene (Satoh-Nagasawa et al., 2006). Ramosa 3 is involved in branching in maize
and when Ramosa 3 is knocked out of the maize genome unusual branching is often the
result (McSteen, 2006).

Explanation of Research
Simulating drought has proven to be a very difficult endeavor because there are
many variables involved and they often change as the experiment progresses (Boyer,
2010). For example, withholding water may seem like a logical approach, but in doing so
the soil chemistry is altered thus changing the conditions of the experiment which can
increase the complexity of the response that the experimenter is attempting to measure
(Boyer, 2010). For this reason the focus of this experiment will be to simulate the
consequences of water deficiency and measure the response more directly. It has been
shown that there is a substantial reduction in photosynthesis when water is withheld in a
drought scenario (McLaughlin & Boyer, 2004; Westgate & Boyer, 1986), and
photosynthetic products such as non-reducing sugars were also shown to have been
reduced in concentration in a shading experiment (Hiyane et al., 2010). A strong
correlation between water deficiency and decreased photosynthesis clearly exists. For
this reason, this experiment will focus on the effects of sucrose starvation in the
developing kernel as this is the plants response to multiple stressors including water
deficiency. By this approach, this research aims to provide additional insight into the
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metabolism in early kernels during the period of pollination when the kernels are most
vulnerable to abortion.
To test for variation in how maize plants with different genetic backgrounds
partition their metabolic resources, genotypes from the Nested Association Mapping
population (NAM) will be used. The NAM population is described by (McMullen et al.,
2009) as having a wide range in variability which makes it ideal for gene studies (Figure
1.4). The NAM population consists of 25 families of inbred lines from different areas and
climates around the world and from the 25 families 200 recombinant inbred lines per
family were produced for a total of 5000 inbred lines available for gene mapping studies.
The inbred B73 is used as the model organism because it is completely sequenced and
due to its common usage in linkage maps (McMullen et al., 2009).
The goal of this research is ultimately to explore carbohydrate utilization in
developing maize ovaries and the regulatory role of the enzymatic pathways such as
those of the trehalose and SnRK1pathways in a developing maize ovary for the purpose
of potentially implementing the findings into breeding strategies. For example, Westgate
et al. (1997) suggests a strategy for selecting rapid and sustained ovary growth could be a
potentially important trait for overcoming the vulnerability of early ovaries at the
pollination stage making the kernels more robust against drought by increasing sink
reserves more quickly.
In a multi-genic process such as drought response, it can be exceedingly difficult
to observe the impact of just a few genes or enzymatic activities. To overcome this
obstacle, an approach called functional reversion is used (Boyer & McLaughlin, 2007).
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Functional reversion works by reversing a phenotype biochemically and then observing
which genes respond to the reversion. In this way the controlling genes can be separated
from the often overwhelming expression of numerous background genes. The validity of
this process has already been demonstrated in maize in a shading experiment where
sucrose was fed intravenously through the stem and the regulation of genes controlling
starch and sucrose utilization as well as senescence were observed (Hiyane et al., 2010).
For the purposed experiment, the degree of the sucrose starvation is the observed
phenotype and the recovery by feeding sucrose causes the reversion. The next step is to
look at carbohydrate usage and Tre6P levels and to analyze the trehalose and SnRK1
gene expression and to measure SnRK1 activity directly or indirectly through target
genes in search of correlations. If there is a correlation, this would add to the existing
knowledge of the role of the trehalose biosynthesis pathway in carbohydrate metabolism
and provide a new approach for maize breeder selections.

Objectives


Develop a kernel culture method to simulate the effects of water stress on immature
kernels.



Characterize carbohydrate metabolism for the parent lines from the NAM (Nested
Association Mapping) population during early kernel development around the time of
pollination.



Explore associations between the carbohydrate utilization and drought response in the
NAM parents.
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Look for correlations between carbohydrate utilization and gene expression of the
TPS and TPP family



Provide data that can be implemented into a breeding strategy that will provide
breeders with more insight in which to make selections.
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Figures

Figure 1.1. Diagram of the role that SnRK1 has in controlling catabolic and
anabolic pathways when undergoing normal diurnal cycling and induced by stress
(Baena-Gonzalez & Sheen, 2009)
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Reducing sugars

Starch

Figure 1.2. Results from shading and sucrose feeding experiment by Hiyane et
al., 2010. Reducing sugars are on the left and starch is on the right. Control
(open circles) shows that under normal conditions both starch and reducing
sugars increase during the embryo development from 5 days before pollination
to 2 DAP. Plants that are shaded, but fed sucrose (closed squares) plants show
moderate increases. Shaded plants (closed circles) show much lower levels of
sugar accumulation and decreasing starch levels.
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O’Hara et al., 2013

Figure 1.3. Diagram depiction of the trehalose biosynthetic pathway (O’Hara
et al., 2013).
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Figure 1.4. Visual representation of the variety in phenotypes of mature kernels of the NAM population parent lines.
(www.ars.usda.gov)
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Chapter 2
In vitro kernel culture on maize B73 kernels assessing sink strength and
involvement of the trehalose and SnRK1 pathways

Introduction
Drought stress, due to climate change, and water availability are undoubtedly the
greatest challenge to agriculture in the 21st Century. Sucrose derived from
photosynthesis is required for plant growth, development, and reproduction. Changes in
sucrose levels in source and sink tissues has been shown to have a profound effect on
reproductive development by metabolic regulation (Roitsch & González, 2004; Paul &
Pellny, 2003; Koch et al., 1996; Zinselmeier et al., 1995; Andersen et al., 2002) .
Efficiently providing fixed carbon to sink tissues is a critical factor in determining yield,
and understanding this process could provide us with the tools to significantly improve
crop productivity (reviewed in Stitt, 2013).
The experiments described here look at the effects of sucrose starvation on young
kernels harvested 3 d after pollination (3DAP). For this study, the common parent in the
NAM RIL population B73 was used as a model organism. A detailed analysis of the
genes involved in growth, sucrose metabolism, and stress response, such of the trehalose
biosynthetic pathway and SnRK1 signaling (reviewed in O’Hara, Paul, & Wingler,
2013), carbohydrate utilization and transport genes (Andersen et al., 2002; Koch et al.,
1996; Chen et al., 2012) and starch production (Lunn et al., 2006) will provide a picture
of the metabolic processes occurring in young embryos during sucrose starvation and
recovery. A comparison of gene expression and sucrose utilization between using kernel
culture method and previous stress studies using whole plants grown in the growth
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chambers and field conditions will test the validity of the in vitro model for studies of
early kernel development and sucrose starvation stress response.
Reproducibility is a real issue for field and greenhouse stress studies, especially
for simulating drought stress (Boyer, 2010). This study explores using kernel culture to
study carbon starvation stress in vitro under more controlled conditions. It is proposed
that as developing B73 kernels are deprived of an external source of sucrose, there will be
a sharp decline in cellular sucrose concentration triggering differential regulation of key
metabolic genes and genes involved in the SnRK1signalling and those of the trehalose
biosynthetic pathway. In addition, the trehalose intermediate Tre6P is predicted to be
lower during sucrose starvation thus activating the SnRK1 pathway shifting the kernels
from a state of anabolism to catabolism which will be evident by gene expression and
metabolomics of key metabolic pathways.

Experiment Materials and Methods
Plant Materials and Growing Conditions
Replicated plots were grown on the University of Nebraska East Campus in
Lincoln, Nebraska. For the 2012 growing season, the B73 inbred was grown with equal
spacing and surrounded by border to account for equal competition and shading. Each
plot was replicated in three plantings planted a week apart to insure that enough pollen
could be obtained per family (Appendix A: Supplemental Figure 1). The maize seeds
were planted on May 9, 16, and 23 on plowed fields with 76.2 cm between the furrows
and at a planting depth of approximately 3.5 cm. The plants were watered twice a week
via sprinkler to ensure the plants were well hydrated throughout the duration of the
experiment. Weeds were manually controlled regularly to minimize the effects of nutrient
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and light competition, no herbicides were applied. Emerging shoots were covered by
Lawson No.217 shoot bags (5.08 cm X 2.54 cm X 17.78 cm) when the shoots were
approximately the thickness of “a pinky finger”, a few days before the emergence of silk
to ensure no pollination could take place. Using controlled pollination techniques for
self-pollination, four plants per inbred line were self-pollinated in the morning between
8:00am and 10:00pm to ensure fresh viable pollen. The bags used to accomplish
pollination were Lawson No.402 shower proofed tassel bags which cover the shoot and
silks to ensure that cross pollination does not occur. The process was replicated using the
same protocol for the 2013 and 2014 growing season. The 2013 plots were planted on
May 24, June 3, & 10 and the 2014 plots were planted on May 9, 20, & 28. The only
difference between the plots per growing season was that the 2013 and 2014 plots were
randomized to account for any environmental variance even though each planting as a
whole covers a very small area (6.096 m X 7.62 m) and little environmental variance
was expected (see Appendix A: Supplemental Figure 2 for 2013 and 2014 field layouts).

In Vitro Kernel Culture
Three days after pollination, the kernels were harvested from each of the 4
randomized rows from the most centrally located plants to ensure equal competition of
available ground nutrients as well as shading effects. The immature kernels were grown
in sucrose rich (150 mM Sucrose, 1% MS agar) and deficient medium (1% MS agar) on
square petri dishes (8.89 cm X 8.89 cm) with equal spacing to ensure that there was no
unequal competition between the developing kernels for the duration of the experiment.
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In vitro kernel culture was performed by using a modified procedure based on the work
by (Glawischnig et al., 2000; Hanft & Jones, 1986).
Ears were harvested, kept cool and hydrated in a beaker filled with cool water
until preparation was complete which generally did not exceed 4 h. Kernels were
prepared by hand excising kernels from the center third of each ear with a small portion
of the cob tissue containing the pedicel was left attached. The kernel tissue was then
sterilized in a 10% calcium hypochlorite for 5 min and rinsed twice in sterile water for 2
min. Kernels were plated on square petri dishes (8.89 cm X 8.89 cm) with approximately
36 kernels per dish equally spaced on a 150 mM sucrose MS 1% agarose medium at pH
5.8 similar to medium described in (Muhitch & Shatters, 1998).
The plates were then incubated in a dark growth chamber at 24 oC for 48 h. Two
kernels were removed per biological replicate every 12 h under minimal lighting. The
kernels were washed in sterile water and the mass of each kernel was recorded and then
immediately frozen in liquid nitrogen and stored at –80 oC. After 48 h, the kernels were
removed and plated on the sucrose enriched medium previously mentioned and grown at
the same conditions in the incubator for an additional 48 h again taking samples every 12
h to measure the recovery.

Carbohydrate Analysis
Sugars were extracted using a modified procedure based on (Lunn et al., 2006) for
extraction of soluble sugars. Kernels and a steel ball weighing approximately 300 mg
were placed in 2 mL polypropylene 96 well round bottom plates and ground using a
Tissue lyser II (Qiagen, USA) at 25 beats per s for 60 s repeated three times removing
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between each run to chill the blocks in liquid nitrogen. Plates were then removed and
spun to remove particulates from the bottom of the seals. To extract the sugars, a 500 µL
of a chloroform/methanol solution (3:7, v:v) was added to each cell along with 25 ul of a
100 mM Lactose standard. The plate was then placed on an orbital shaker (cole-palmer)
set at -10 oC shaking every 15 min for 5 min and resting for 10 min for 2 h. 400 ul of
sterile filtered DI water was then added to each cell and placed back on the orbital shaker
for 5 min. The plate was then centrifuged (Eppendorf 5804) for 5 min at 3700g. 200 uL
of supernatant containing soluble sugars was taken from each well and transferred to a
clean 96 well plate, and then 200 ul of sterile filtered DI water was added to the original
plate. The procedure above was repeated and another 200 ul of supernatant was
transferred to the clean plate making a total volume of 400 ul in the clean plate. The
clean plate containing the upper phase was dehydrated in a lyophilizer VirTis
Freezemobile 25 L for approximately 24 h. Each sample was then re-suspended in 1 mL
of filtered DI water. Each sample was filtered using Millipore Multiscreen Ultracel-10
filter and analyzed for sugar contents on a capillary high pressure ionic chromatography
column (HPIC). For capillary HPIC analysis, Standard curves were made for all sugars
of interest: trehalose, glucose, fructose, sucrose. We then used the following formula to
calculate the amount of each of the soluble sugars in individual kernels in µmol per gram
fresh weight.
[

]

Where:
Final sugar concentration:
FSC = Sugar peak area [nC] / Slope of standard curve for this sugar (Appendix A;
Supplemental Figure 4) [nC = function (glucose concentration)]
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Final volume of re-suspension:
FV = 1.0 x10-3 L
Lost correction factor:
LCF = Standard lactose peak area for a final concentration of 250 µM / Actual lactose
peak area

From the standard curve for Lactose (Appendix A: Supplemental Figure 4), a final
concentration of 250 µM lactose would have been expected if adding 25 µL of 100 mM
of lactose as an internal standard and not diluting samples before running. Since Dionex
optimal sensitivity applies to sugar concentrations from 1 to 250 µM, and that kernel
samples contains high quantity of sugars, we had to dilute them to 1/10 and compensate
by multiplying the initial sugar quantity by a dilution factor.

Dilution factor:
DF: = 10

To measure starch content, glucose was measured from a starch digest.

[

]

Where:
Final glucose concentration:
FGC = Glucose peak area [nC] / Slope of standard curve for glucose [nC = function
(glucose concentration)]

The carbohydrate levels are reported as µmol*g-1 Fresh Weight (FW)
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SnRK1 Enzymatic Assay
Enzymatic assay was performed by Mathew Paul’s lab at the Department of Plant
Biological and Crop Science at Rothamsted Research in the United Kingdom. Total
soluble protein was extracted from 200 mg of tissue ground under liquid nitrogen in a
pestle and mortar in 600 µL of ice-cold homogenization buffer of 100 mM TricineNaOH, pH 8, 25 mM NaF, 5 mM dithiothreitol, 2 mM tetrasodium pyrophosphate, 0.5
mM EDTA, 0.5 mM EGTA, 1 mM benzamidine, 1 mM phenylmethylsulfonyl fluoride, 1
mM protease inhibitor cocktail (Sigma P9599), phosphatase inhibitors (PhosStop; Roche)
and insoluble polyvinylpyrrolidone to 2% (w/v). Homogenate was centrifuged at 13,000g
at 4ºC. Supernatant (250 µL) was desalted in illustra NAP-5 columns (GE Healthcare)
preequilibrated with homogenization buffer. Eluent was supplemented with protease
inhibitor cocktail and okadaic acid to 2.5 mM before freezing in liquid nitrogen. SnRK1
activity of three replicates for each time point was determined as described (Zhang et al.
2009) in a final volume of 25 µl in microtitre plate wells at 30 ºC. Assay medium was 40
mM HEPES-NaOH, pH 7.5, 5 mM MgCl2, 200 mM ATP containing 12.5 kBq [γ33

P]ATP (PerkinElmer), 200 µM AMARA peptide (Enzo Life Sciences, UK, Ltd), 5 mM

dithiothreitol, 1 µM okadaic acid and 1 mM protease inhibitor cocktail (Sigma P9599).
Assays were started with 5 µL extract and stopped after 6 min by transferring 15 µL to 4cm2 squares of Whatman P81 phosphocellulose paper immersed immediately in 1%
phosphoric acid. These were then washed with four 800-ml volumes of 1% phosphoric
acid, immersed in acetone for 15 min, air-dried and transferred to vials with 3.5 ml of
scintillation cocktail (Ultima Gold).
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Tre6P and Metabolite Quantification
The quantification of Tre6P, metabolite intermediates, phosphorylated sugars, and
organic acids was performed by liquid chromatography-tandem mass spectrometry as
described in (Lunn et al., 2006) on approximately 20 mg of kernel tissue by Mark Stitt’s
lab at the Max Planck Institute of Molecular Plant Physiology, Germany. The 20 mg
frozen kernel tissue ground in liquid nitrogen and transferred to 2 mL Safe-Lock
microcentrifuge tubes and suspended in CHCl3/CH3OH (3:7, v/v) at -20 oC and mixed by
rapid shaking and incubated at -20 oC for 2 h mixing intermittently. Tre6P was extracted
by adding 200 µL of water and shaking at 4 oC. The sample was then centrifuged at 420g
at 4 oC. The CH3OH phase was transferred to a new microcentrifuge tube and stored at 4
o

C. This process was repeated using another 200 µL of water and added to the first

CH3OH and vacuum dried at 20 oC. The pellet was dissolved in 250 µL and filtered on a
Multiscreen Ultracel-10 (Millipore) filter and centrifuged at 2300g for 2 to 3 h at 20 oC.
Tre6P standards were then added before analysis via LC-MS. Metabolites were prepared
using a portion of the frozen tissue by using the protocol developed by (Gibon et al.,
2006).

mRNA Quantification
RNA Extraction
Samples were collected in the same manner described in the kernel culture and
sugar and starch analysis with 6 biological replicates harvested randomly over one
planting date. Three kernels were harvested and combined for each time point per
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biological replicate in order to get more representative results. Samples were then
immediately frozen in liquid nitrogen and stored at -80 oC until RNA extraction.
RNA was extracted using a modified protocol provided by Paul Twigg at the
University of Nebraska-Kearney. Approximately 100 mg of kernel tissue was ground in 2
ml micro centrifuge tubes with steel balls added in a Tissue lyser II (Qiagen, USA) and
ground for 3 min at 30 cycles per s in 1 min interval with liquid nitrogen cooling
between. Keeping the ground tissue cold, 600 µL of FruitmateTM (Takara Bio cat#9192)
was added and the mixture was thoroughly homogenized to trap polysaccharides. Then
400 µL of pre-warmed Trizol® reagent (Invitrogen, USA) mix at 40 oC was immediately
added to the Fruitmate and tissue mixture and homogenized completely. The samples
were then centrifuged for 5 min at 12,000g and the supernatant was transferred to a clean
2 mL micro centrifuge tube. An additional 500 µL of Trizol mix was added to the new
tube and shaken vigorously for 15 s and let rest for 5 min with intermittent shaking. To
extract the DNA and RNA from the mix, 200 µL of chloroform was then added and each
tube was shaken vigorously for 15 s and let sit at room temperature for 2 min and then reshaken. The samples were centrifuged for 10 min at 12,000g at 4 oC to separate the
phases. 750 µL of the supernatant was transferred to a clean 1.5 ml micro centrifuge tube
and 750 µL of isopropyl alcohol was added to condense the DNA and RNA. The extract
was then incubated at -20 oC for at least 30 min to maximize the condensation and
increase the yield. The extract was then centrifuged for 10 min at 12,000g at 4 oC and the
supernatant was decanted off. The extract was washed with 1 ml of 70% ethanol and
centrifuged for 5 min at 7,500g at 4 oC. Again the supernatant was decanted being
careful not to disturb the pellet. The tubes were left to air dry for approximately 10 min
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and then suspended in 50 µL of DEPC-treated water with 0.5 µL of RNase inhibitor
(Ribolock, or RNase Out) and stored at -80 oC. The Transcript RNA with DNA was then
visualized on a 1% agarose gel with ethidium bromide to visually check for quality.

DNase Treatment of Extract
A master mix of 10X DNase buffer and DNase was made by adding 5 µL of
Reaction buffer and 5 µL of RQ1RNase-free DNase (Promega, USA) per reaction. 15
µL of RNA extract was combined with 25 µL of DEPC-treated double distilled water in a
1.5 mL micro centrifuge tube for a final volume of 40 µL per reaction. 10 µL of the
master mix was then added to each reaction and then gently mixed and spun briefly. The
mixture was then incubated for 30 min at 37 oC. The reaction was stopped by adding 5
µL of stop solution from the DNase kit and then incubated at 65 oC for 10 min. 145 µL
of DEPC-treated double distilled water was added for a final volume of 200 µL. To
extract the RNA out of the mixture 200 µL of chloroform was added to the tube, shaken
vigorously, and then spun for 5 min at 12,000g at 4 oC. The supernatant was transferred
to a clean 1.5 ml micro centrifuge tube and 20 µL of 3 M sodium acetate at pH 5.2 along
with 500 µL of 100% ethanol. The mixture was gently mixed and then stored at -20 oC
for 30 min to condense. The mixture was then centrifuged for 10 min at 12,000g and the
supernatant was decanted slowly as to not disturb the pellet. The pellet was washed with
70% ethanol and centrifuged for 5 min at 12,000g and carefully decanted off leaving the
pellet. The tubes were inverted and placed on a paper towel to air dry for approximately
10 min. The pellets were suspended in 20 µL DEPC-treated double distilled water with
0.5µL of RNase inhibitor and stored at -80 oC. RNA quality was accessed by 1%
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electrophoresis gel and quantified using a Nanodrop 8000 spectrophotometer (Thermo
Scientific, USA) using 1.5 µL of transcript mRNA.

Reverse Transcriptase (RT)
RT was performed on 2 µg of txRNA using SuperScript III First-Strand Synthesis
Supermix kit (Invitrogen, USA) with the random hexamer primers as indicated by the
supplier. RT quality and absence of genomic DNA contamination was then checked by
semi quantitative PCR on 5µL of cDNA (1/100 dilution) in a final volume of 25 µL,
using ZmEF1-1 alpha primers (Appendix A: Supplemental Figure 3) designed around an
intronic region and GoTaq® DNA polymerase (Promega, USA) as recommended by the
supplier. 5 µL of cDNA (1/100 dilution) were subsequently used for quantitative PCR
reaction using SsoAdvancedTM SYBR® Green supermix (Biorad, USA) and 167 nM of
gene specific primers (Appendix A: Supplemental Figure 3) in a final volume of 15 µL
and the LightCycler® 480 II (Roche, USA) with the following program: 30 s at 95 °C; 45
x (5 s at 95 °C; 30 s at 60 °C; 10 s at 72 °C); Melting curve: 5 s at 95 °C; 5 °C increments
from 65 °C to 95 °C. For each time point and biological replicate, a Q-PCR reaction was
repeated 3 times. Experiments were performed on 3 biological replicates. Three out of 8
reference genes were selected for normalization of gene expression using the Genorm
software (Vandesompele et al., 2002). Relative gene expression was then calculated using
the following formula (Hellemans et al., 2007):

√∏
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Where:
E = Primer efficiency
R = Relative gene expression
Ct = Cycle threshold

Primer efficiency was determined using the method described by (Pfaffl, 2001) with the
following dilutions of 14 d old B73 seedlings cDNA: 1/75, 1/100, 1/250, 1/500, 1/1000.

Transcriptome Data Mining
Microarray data retrieved from the Maize GDB website was analysed for 2 to 24
DAP for whole kernel samples for all genes analysed in this study. 1 replication was
plotted to visualize expression trends throughout the developmental period of kernel
growth and development.

Statistical Methods
The slope the B73 inbred parent line was estimated by ANOVA using the Proc
Glimmix procedure provided by the SAS /STAT® software version 9.3 for the analysis of
variance (See Chapter 3, page 95 for statistical model for estimating slope values for
NAM inbred lines). Four biological replications were used to provide adequate statistical
replication to estimate depletion and recovery slopes in the B73 parent line at an alpha =
0.05. To test for significance differences between control and starved kernels at each time
point, a paired t-test were also performed for gene expression (3 biological replicates with
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3 technical replicates per biological replicate) and metabolomic results (4 biological
replicates) at α = 0.05.

Results
Growing Conditions
The growing seasons of 2012 through 2014 were noticeably different (Table 2.1).
The 2012 growing season was considered a drought year which saw the highest
temperatures and growing degree days (GDD) compared for all three years. May and
July in 2012 had the hottest days with an average temperatures 15% and 11%
respectively above the mean, and GDDs 28% and 17% respectively above the mean
based on the 20 year mean. In addition, rainfall was the lowest for 2012 with
precipitation 54% lower than the mean. The 2013 growing season was much milder with
temperatures consistent within 4% and the GDD within 7% from the mean. Precipitation
for 2013 was 16% below the mean. The 2014 growing season started out similar to the
2012 growing season with temperatures and GDD in May being 9% and 21% above the
mean, but the rest of the season was similar to 2013 with temperatures for June through
August within 6% of the mean with GDD within 9% of the mean. Precipitation was
higher for 2014, 19% above the mean.

In Vitro Kernel Growth
To measure kernel growth throughout the kinetic experiment a paired t-test was
performed on the mass of the kernels used in the sugar quantification (Table 2.2). The
mass of each kernel used in the kinetic was plotted graphically to look for the overall
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growth trend (Figure 2.3). Figure 2.3 shows a linear increase in kernel mass over the 96
h of the kinetic for both the control and starved kernels for the kernels collected in 2012
and 2013. Significance of this linear increase was tested for 3 comparisons (Table 2.2).
The first comparison is for start of the experiment to the half-way point, where the treated
kernels have been on sucrose deficient medium for 48 h and are under maximum
starvation (0 and 48 h.). Comparison 2 is between the kernels half-way through the
experiment and the end, which represents the recovery interval after the kernels have
been re-plated on sucrose rich medium (48 and 96 h.). The last comparison is between
the start and end of the experiment (0 and 96 h).
Significant differences in kernel mass was only observed for the control kernels
for 2013 for comparison 1 (0 and 48 h.) and comparison 3 (0 and 96 h). The 2012 control
kernels approached significance for comparison 3 (0 and 96 h). No significant growth
was observed for sucrose staved kernels for both the 2012 and 2013 year. Only
comparison 3 approached significance for the 2012.

Carbohydrate Analysis
To address the first objective in this study, a long-term study was preformed to
investigate the general trends at which starch, sucrose, and hexose sugars would deplete
in excised kernels deprived of sucrose (Figure 2.1). Kernels cultivated on sucrose rich
medium experienced rapid increases in internal sucrose concentrations within the first 24
h whereas kernels excised and plated on sucrose deficient medium experienced a rapid
decrease and almost complete depletion in internal sucrose concentration in the first 24 h
interval of treatment. Beyond 24 h, the sucrose concentrations stabilized for the
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remainder of the experiment. Hexose sugars (glucose and fructose) decreased when
kernels were plated on sucrose rich or deficient medium. However the kernels on sucrose
rich medium leveled off at 24 h at approximately 60 µmoles g-1fw-1 hexose sugars and
increased slowly to approximately 80 µmoles g-1fw-1 hexose sugars by day 5 of the
experiment. Hexose concentrations in kernels plated on sucrose deficient medium were
approximately 10 µmoles g-1fw-1 within the first 24h and almost completely depleted by
day 2. This preliminary experiment demonstrated that sucrose is utilized quickly within
the developing B73 kernel. Starch content was also examined and it was found that there
is no difference between starch content between sucrose starved and sucrose fed kernels.
Based on the observations from Figure 2.1, it was determined that the rate
of sucrose depletion could be determined within the first 48 h of starvation. A 96 h
kinetic experiment was built around this observation where the kernels would be
subjected to 48 h of sucrose rich or deprived conditions and then re-plated on sucrose rich
medium to measure the rate of recovery. This experiment was performed in 2012 for
B73 and then repeated in 2013 to verify consistency for sucrose and hexose sugar
quantification (Figure 2.2). The slopes for 2012 were found to not be statistically
different from 2013 data with a p value greater than 0.05.
As expected, the sucrose concentration in the sucrose deprived kernels rapidly
decreased, whereas the concentration of sucrose in kernels on sucrose rich medium
increased and levelled off within the first 12 h. The sucrose concentration was
significantly different (p-value <0.01) between the two treatments for the first 48 h
(Figure 2.2 & Table 3.1). After re-plating to sucrose rich medium for both sucrose fed
and starved kernels, the sucrose concentration for the sucrose starved kernels was no
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longer significantly different (p-value >0.01) than the sucrose fed kernels by 60 h, 12 h
after re-plating. Slope differences between the sucrose fed (control) and sucrose deprived
kernels where estimated between 0 and 12 h, which encompasses most of the sucrose
depletion, and also for the 48 to 60 h interval, which encompasses most of the recovery.
The slope differences between depletion and recovery are 2.57 and 2.83 for 2012, and
3.19 and 3.55 for 2013. The slope difference for the depletion and recovery were within
11% of each other per year suggesting that the mechanism for sucrose utilization work at
similar rates for sucrose import and utilization in metabolism.

Response to Kernel Excision and Sterilization
The excision and sterilization step induced a severe and rapid response within the
first 12 h of the kinetic in TPS, TPP, genes as well as SnRK1 genes and genes important
in sucrose metabolism for both the control and sucrose starved kernels (Figure 2.4). The
elevated gene expression levels were maintained throughout the remainder of the
experiment only decreasing slightly. This made differences between the control and
sucrose starved kernels less pronounced. To better understand this response, a separate
experiment was conducted to look at gene expression within this 12 h interval. To
accomplish this, two induced genes, (ZmTPSII.3.3 and ZmARG10), and two repressed
genes (ZmDPS and ZmINV2) were selected from genes analysed in Figure 2.5. Figure
2.5 shows that about half of the response occurs for all four genes between the excision
and plating step which includes the sterilization step which are designated as -2 h and 0 h
respectively. After 4 h of being on either medium, the response levels off and stay mostly
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consistent to the 12 h time point. This was in agreement with what was observed longterm throughout the experiment in Figure 2.1.

TPS, TPP, and TRE Gene Expression
Relative gene expression for TPS, TPP and SnRK1 target genes for catabolic and
anabolic metabolic processes are illustrated in Figure 2.4. Class I and Class II TPS genes
responded differently to sucrose starvation. The class I gene (Figure 2.4 A) was repressed
slightly. A paired T-test was performed on the control and the sucrose starved kernels at
each time point with significance determined with a p-value <0.05 (Tables 2.3 & 2.4).
TPS1.1, a class I gene, did not show any significant differences between control and
sucrose starved kernels. All the class II genes (Figure 2.4 B-J) were induced by sucrose
starvation; however, only three of the class II TPS genes, ZMTPSII. 2.1, 3.3 and 4.1
(Figure 2.4 B, D, & E) were found to have significant differences between the control and
sucrose starved treatments at either the 12 hr or 48 hr time points.
The TPP genes do not respond in such a coordinated manner. For ZmTPPA.3,
there appears to be a delayed response to starvation stress. There was no apparent or
significant difference between control and treatment for ZmTPPA.3 until after the
recovery step in which the expression of the previously starved kernels increases to be
significant. ZmTPPB.1.3 was repressed and approaching significance under starvation
stress by 48 h and then induced significantly by 60 h. ZmTPPB.1.3 behaves in an
apparent opposite trend to all the class II genes. ZmTPPA.1 was induced by starvation
and repressed upon recovery much like the TPS genes; however, one major difference is
that unlike the TPS genes, ZmTPPA.1 showed early induction likely as a result of the
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excision and sterilization step. Trehalase was significantly repressed after 48 h of
starvation and then no difference between the control and starved treatments was
observed after 60 h, 12 h after recovery.

SnRK1 Gene Expression
SnRK1 target genes respond to sucrose starvation stress and the initial excision
and sterilization steps (Figure 2.4). SnRK1 targets ZmAkinB, ZmArg10 and ZmMLO14
are induced upon excision and sterilization treatment and ZmβGal, ZmbZIP11, ZmDPS,
ZmFib2, ZmMDH are repressed. Only ZmAkinB, ZmArg10, ZmMDH, and ZmbZIP11
were significant at 48 (Table 2.3).

After sucrose recovery (48- 96 h), there is no

significant difference between control and treatment except for at 96 h for ZmDPS, and
60 h for ZmMLO14 (Table 2.4).

SnRK1 Enzymatic Activity
In vitro enzymatic assay of extracted SnRK1 complexes shows a considerable
decrease in SnRK1 activity within the first 12 h of the experiment for the sucrose starved
kernels which increases to near control levels at 48 h and then elevated beyond the
control at 60 h, but by 96 h is back to near control levels. Activity in the control stays
reasonably consistent throughout the experiment (Figure 2.9).

Hydrolytic Enzyme and Sucrose Transporter Gene Expression
Genes critical to sucrose metabolism: vacuole invertase (ZmINV2), cell-wall
invertase (ZmIncw2), AGPase domain gene Brittle2 (ZmBt2), and sucrose transporters

52

(ZmSUT1, ZmSUT2, ZmSweet1, and ZmSweet2) were also quantified. ZmIVN2, which is
important in sucrose hydrolysis to glucose and fructose in the cytoplasm, had
significantly higher gene expression for the first 48 h compared to the control until the
recovery stage. ZmIncw2 was induced by the excision and sterilization step within the
first 12 h for both control and treated kernels. ZmIncw2 was induced more for the starved
kernels than control at 12 h, but repressed compared to the control at the 48 h time point.
Control and treated kernels were no longer significantly different by 12 h of recovery
(time point 60 h) and then by 96 h the previously starved kernels were significantly
induced. ZmBt2 was down regulated for both control and treatment within the first 12 h.
The treated kernels demonstrated greater repression than the control kernels for 12 h, 48
h, and 60 h. The sucrose transporters ZmSUT1 and ZmSweet1 were induced in the
starved kernels with values approaching significance (Figure 2.4 AA & CC). Neither
ZmSUT2 or ZmSweet2 differed in expression between the control and starved kernels,
repression was experienced by ZmSweet2 for both control and starved kernels (Figure 2.4
BB & DD). Senescence indicator gene ZmDIN6 (Baena-González et al., 2007), was
higher but did not differ significantly between control and sucrose starved kernels.

Metabolomics
Metabolite quantification was performed for metabolites utilized in sucrose and
starch synthesis, glycolysis, the Calvin-Benson cycle, and the citric acid cycle (Figure
2.8). Sucrose-6-phosphate (S6P) (Figure 2.9 C) followed the same trend as sucrose in
response to starvation and sucrose feeding (Figure 2.2) where rapid depletion and
recovery were observed. Similar trends were also observed for glucose-6-phosphate
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(Glc6P), glucose-1-phosphate (Glc1P), and fructose-6-phosphate (Fru6P) which are
important in both sucrose and starch synthesis. Another indication of starch synthesis
reduction was a large decrease in ADP-Glc within the first 12 h for both starved and
control kernels. Glycolysis metabolites: Glc, Fru, Glc6P, Fru6P, and fructose-1, 6bisphosphate (FBP) had lower concentrations after 48 h of starvation. Two of the
glycolysis metabolites, phosphoenolpyruvate (PEP) and 3-PGA, were higher at 48 h of
starvation; however, only significantly for 3-PGA.
Metabolites important to the Calvin Cycle: Fru6P, glyceraldehyde-3-phosphate
(Gly3P), and glycerate (Gly) all showed decreased metabolic levels in the starved kernels
before sucrose feeding and recovery. Citric acid cycle intermediates (pyruvate, citrate,
isocitrate, 2-Oxogluturate (2-OG), aconitate, succinate, malate) and intermediary
metabolites [(manose-6-phospahte (Man6P), galactose-6-phosphate (Gal6P), shikimate,
and glucose-1, 6-bisphosphate (G1,6BP)] where all significantly repressed or showed no
difference between the control and starved kernels at the 48 h maximum starvation time
point. Upon sucrose recovery phase, some of the metabolites reverted back to levels near
to that of the control. This was a common trend for the sugar phosphates; however, many
of the citric acid cycle intermediates did not recovery even when the kernels were replated on sucrose rich medium.
One of the most interesting results was the presence of a large drop in Tre6P for
both the sucrose fed and deprived kernels within the first 12 h (Figure 2.8 A). When
Tre6P levels are analysed with the first time point removed, it is observed that starvation
significantly reduces Tre6P levels in kernels grown in vitro which never fully recovers to
control levels for the duration of the experiment (Figure 2.8 B).
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Transcriptome Mining
To understand what the normal relative expression levels should be expected over
the course of kernel maturity, data was acquired from the Maize GDB website database
for whole kernels from 2 through 24 DAP (Figures 2.6 & 2.7). Most of the TPS genes
maintained high relative gene expression throughout kernel development. ZmTPSII.4.2,
ZmTPSII.5.1, ZmTPSII.5.3, and ZmTPSII.5.4 showed increasing expression over the 22
day period. Only one TPS gene, ZmTPSII5.2, had relatively low gene expression
throughout the kernel development. There were three categories of responses observed
for TPP genes. The first category had consistently low expression throughout the
experiment (ZmTPPB.1.1, ZmTPPB.1.3, ZmTPPB.1.4, ZmTPPB.1.5, ZmTPPB.1.6, and
ZmTPPB.2.2). The s category had consistently high expression (ZmTPPA.1 and
ZmTPPA.3). The third category started with low expression which continually increased
over the duration of the sampling interval (ZmTPPB.1.2 and ZmTPPB.2.1_Ramosa 3).
SnRK1 targets ZmAkinB, ZmMDH, and ZmFiB2 had high expression. Gene expression
for ZmArg10 increases over development and ZmMLO14 started high and decreased
slowly over development. ZmβGal and ZmbZIP11 expression stayed close to the
reference genes values and ZmDPS was consistently low.
Genes important in sucrose metabolism are very diverse in expression throughout
development. Gene expression of genes important in sucrose hydrolysis, ZmIncw2 and
ZmSusy1, are maintained at high levels except for ZmInv2 which starts high and
decreases at about 10 DAP. AGPase genes ZmSh2 and ZmBt2 are up regulated at 10
DAP. Sucrose transporter ZmSUT1 remains slightly elevated and mostly consistent
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throughout the experiment. The senescence indicator ZmDIN6, an arginine synthatase,
remains consistently high throughout development.

Discussion
This study provides new insight into carbohydrate metabolism of kernels in the
early stages of development. An in vitro kernel culture method was chosen to simulate
environmental stress. Previous studies using in vitro kernel culture have studied the
effects of heat stress (Hanft & Jones, 1986), hormone synthesis (Glawischnig et al., 2000;
Hole, Smith, & Cobb, 1989), carbon and nitrogen utilization (Singletary & Below, 1989),
and pollination efficiency (Gengenbach, 1977). To date, no one has looked at the role of
the trehalose biosynthetic pathway and Tre6P in the regulation of catabolic and anabolic
events related to the SnRK1 pathway in response to sucrose starvation for maize for in
vitro grown kernels.

In Vitro Kernel Development
In vitro culturing is commonly used in many organisms and tissue types and is a
useful method to study metabolic pathways in a controlled environment. Kernel culture is
convenient because it provides a consistent and controlled platform in which experiments
can be performed that takes relatively little storage and incubation space. Kernel culture
was used in this study as a means to study the trehalose and SnRK1 pathways in a setting
where variables can be controlled and responses to stress can be more consistently
measured unlike in the field were environment and predation can be heavily influential.
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Kernel culture did however have disadvantages. During the excision and
sterilization steps for in vitro kernel culture, the young kernels were wounded and
underwent injury as well as changes in osmotic and electrochemical potential.
Additionally, the kernels were removed from the source of phytohormones which are
known to regulate metabolism and growth processes (reviewed in Roitsch & González,
2004; Santner & Estelle, 2009; Seo, 2002), and gene expression (Santneret al., 2009;
Huang et al., 2008; Rolland et al., 2006). This is likely the reason for the large swings in
mRNA levels after kernels are place in culture (Figures 2.4, 2.5) and the lack of growth.
Indeed, trehalose biosynthetic genes have been shown to be induced in many plant
species for both abiotic and biotic stressors such as drought, temperature, salt, predation,
and pathogens (reviewed in Fernandez et al., 2010; Singh et al., 2011).
If this response is in fact due to wounding and not a response to changes in
conditions such as hormone availability, then it is possible that this research represents
the first study in which wounding response is measured in sink tissues (kernels) grown in
vitro. However, more work is required to verify this hypothesis. For instance, repeating
this experiment on hormone-rich medium (ABA, IAA, cytokines, etc.) would be good
way to test for the effects of hormone regulation. In addition, a field experiment could be
performed where kernels are injured and left to grow on the ear eliminating any response
due to change in water potential. The large perceived wounding effect experienced by
the excised kernels presents a challenge to interpreting the induction and repression of
genes in this study. To make sense of expression data, interpretations are based on the
difference between the control and the starved kernels and not on the initial change in
expression caused by excision and sterilization.
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Kernels Rapidly Use Sucrose Reserves During Starvation
As photosynthate becomes limiting, sucrose levels rapidly decrease as it is
hydrolysed into hexose sugars to fuel metabolism (Sturm, 1999). The rapid decrease in
sucrose and hexose sugars observed in sucrose starved kernels in vitro (Figure 2.2) are
consistent with field studies where photosynthesis is inhibited around the time of
pollination (Hiyane et al., 2010 ; Zinselmeier et al.,1995; McLaughlin & Boyer, 2004).
When the kernels can no longer uptake sucrose, they have to rely on internal storage
which are found in the cytoplasm and vacuole and broken down by soluble and vacuolar
invertases (reviewed in Koch, 2004). Both sucrose and hexose decrease in starved
kernels indicating that not only is sucrose being hydrolysed to glucose, but the hexose is
being used in metabolic pathways to keep the kernels alive. In the control kernels,
hexose levels remained mostly consistent despite the rapid uptake of sucrose
demonstrating that there is a limit to how much hexose can be metabolically processed
and that this metabolic processing is in equilibrium with sucrose hydrolysis. This
observed equilibrium between metabolic processes and invertase activity has been shown
to be maintained by hormones and hexose signals in a feedback regulation loop
(reviewed in Koch, 2004).

Starch Levels Unaffected by Sucrose Deprivation
In field studies, photosynthate starvation causes a decreases in starch
concentration in early maize ovaries (Hiyane et al, 2010). This observation is different
from what is measured in this experiment where no difference was seen in between the
control and sucrose starved kernels over the course of the 96 h experiment (Figure 2.1).
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One possible explanation is that starch synthesis is drastically decreased in both control
and sucrose starved kernels in response to stress introduced by the culture method. Initial
reduction of gene expression for the AGPase gene ZmBt2 (Figure 2.4 Y) as well as lower
levels of measured starch synthesis intermediate ADP-Glc (Figure 2.8 J) for both the
control and starved kernels supports this explanation.
An alternative explanation is that embryos in early development are not in the
grain filling stage, where most of the starch is synthesised (Jones & Setter, 2000). The
microarray data (Figure 2.7) show low expression for both ZmSh2 and ZmBt2 early in
development, and then up-regulated rapidly at about 10 DAP as the kernel is switching
from the embryogenesis phase to maturation phase. This would also explain why minimal
growth was observed in maize kernels 3 to 7 DAP (Figure 2.3 & Table 2.2).
Interestingly, elevated 3-PGA levels were observed. The glycolysis intermediate
3-PGA, is known to activate AGPase (regulatory step in starch synthesis) and is generally
correlated with high sucrose availability resulting in starch biosynthesis (Stark et al.,
1992; Neuhaus & Stitt, 1990; Preiss, 1982). However, in this study the opposite is
observed. Lack of starch accumulation, reduced sucrose levels, repressed ZmBt2 mRNA,
and low starch metabolites all indicate that starch biosynthesis is being inhibited.
Although 3-PGA is high in sucrose deprived kernels and normally would activate
AGPase, AGPase is also redox activated adjusting to the supply of available carbon
(Zeeman, Smith, & Smith, 2007). Sucrose starvation is most likely the reason why
AGPase is turned off more in the sucrose deprived kernels even in the presence of
elevated 3-PGA.
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Sucrose Transporters have Specific Roles in Sugar Transport
In addition to symplastic movement of sucrose through plasmodesmata, sucrose is
also transported from source mesophyll cells to sink cells across the apoplastic space by
Sweet and SUT proteins (reviewed in Chen, 2014). Chen (2014) describes the Sweet
class of sucrose transporters as being involved with sucrose efflux into the phloem from
source tissues whereas the SUT class are responsible for the uptake into sink tissues
including grain filling in monocots.
This study reports a rapid uptake of sucrose when kernels are plated on sucrose
rich medium (Figure 2.2), but varied gene expression for sucrose transporters (Figure 2.4
AA-DD). This is not entirely unexpected as the Sweet transporters have been recently
discovered and very little is known about their function and localization in different plant
tissues across species (Chen, 2014; Chen et al., 2012). To further confound the situation,
evidence reviewed by Ayre (2011) suggests that some sucrose transporters may be able to
switch between functions of import and export depending on the needs of the specific
plant tissue allowing for functions in source and sink tissues. It has been suggested by
Aoki et al, (1999) that sucrose transporters may be required in non-photosynthetic organs
to provide carbohydrates to growing tissues. Based on this function, the elevated mRNA
observed in the starved kernels for ZmSUT1 and ZmSweet1 may be tissue specific
(possible plastidial membrane associated) and important as the plant utilizes reserves to
provide for the metabolic needs of the plant experiencing sucrose starvation.
The electrochemical gradient between cells has also been shown to be important
on the direction of sucrose transport (Carpaneto et al., 2005). Carpaneto et al, (2005)
showed that changing the electrochemical potential can change the function of the
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sucrose symporter from influx to efflux regardless of the cytoplasmic sucrose
concentration. This may also help explain why significantly different trends in sucrose
transporter expression are being observed in this experiment. Considering that this study
separates the developing kernel from its physiological source tissue and that sucrose
transporters are often tissue specific (Aoki et al., 1999), it is not surprising that analysis
on whole kernel samples will produce conflicting results as it measures all the
components simultaneously.
In this study, sucrose rich medium takes the place of the source tissues. This is
potentially problematic because the phloem not only transports nutrients for the plant, but
many signalling molecules such as hormones (Turgeon & Wolf, 2009) of which ABA is
well-known to be important for seed development (reviewed in Santner et al., 2009).
Therefore, disrupting hormone signalling may have unforeseen consequences on sucrose
transporter expression. An in depth analysis of the tissue specificity of these different
transporters in a developing kernels and of the electrochemical gradient for each region
of the kernel as well as for the growing medium would be required to begin to understand
the role of the sucrose transporters in this experiment in response to sucrose starvation.

Starvation Effects on the Expression of Sucrose Hydrolysing Genes
Starvation of maize kernels caused different responses than what is generally
observed by developing maize embryos undergoing drought stress. For instance, excising
the kernels disrupts both the sucrose gradient from source tissues to the developing
kernels and any source to sink hormone signaling. Whole plant studies have shown that
drought stress is negatively correlated with Inv2 and Incw2 activity and mRNA transcript
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levels, and positively correlated with sucrose levels (Andersen et al., 2002; Zinselmeier,
1999; Kim, 2000). Higher mRNA levels were observed for ZmInv2, lower for ZmIncw2,
and no difference for ZmSusy1 transcript after 48 h of sucrose starvation. In addition,
sucrose and hexose sugars level decreased in this study in response to starvation
treatment. This is the opposite of what was expected from studies using whole plants
either field or greenhouse grown (Andersen et al., 2002; Zinselmeier, 1999; Kim, 2000).
The likely reason for these differences is that excised kernels grown in vitro no longer
have the sucrose transport gradient supplying sucrose, whereas plants that are undergoing
drought stress in vivo are still receiving sucrose through phloem transport, but are unable
to utilize the sucrose due to the decreased invertase activity causing a build-up of sugar
(Andersen et al., 2002).
ZmSusy1 gene expression did not appear to be significantly influenced by sucrose
availability for kernels in the early developmental stage 3DAP. Previous studies found
that sucrose synthase is more important in starch synthesis which is more active later in
development and not early development (Zinselmeier et al., 1995; Koch, 2004; Jones &
Setter, 2000). The microarray results (Figure 2.6 J & L) supports this showing a decrease
in ZmInv2 mRNA and an increase in ZmSusy1 around 10 DAP as the kernel shifts from
growth phase to starch loading (Jones & Setter, 2000) .

Low Tre6P Correlates with SnRK1 Activation
In the context of the trehalose biosynthetic pathway, the results mostly agree with
what is currently known about this pathway. Tre6P has been shown to be highly
correlated with sucrose (and Suc6P) concentration (Yadav et al., 2014; Lunn et al., 2006;
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Martínez-Barajas et al., 2011; Schluepmann & Dijken, 2004; Delatte et al., 2011) and
inhibits SnRK1 (Zhang et al., 2009; Paul et al., 2010; Baena-González et al., 2007).
However, the correlation between sucrose and Tre6P did not hold true for starved in vitro
kernels regardless if sucrose was depleted rapidly or taken up in the kernels (Figure 2.2).
Both the control and the sucrose starved kernels experienced a massive reduction in
Tre6P levels and then small, but significant differences between the control and the
starved kernels (Figure 2.8 A & B). This suggests that that SnRK1 was active for both the
control and starved kernels with the starved kernels experiencing a higher level of
activation. This uncoupling between sucrose and Tre6P levels has been observed before
for shading stress in maize seedlings (Henry et al., 2014) and for salt stress in mature
maize plants (unpublished data). This finding adds to the increasing evidence of the
diverse functions and regulation of the SnRK1 pathway.
SnRK1 gene target expression data provides further evidence that the SnRK1
pathway is responding to in vitro kernel starvation (Figure 2.4 N-Q & S-U). In this
experiment seven SnRK1 target genes, ZmAkinB, ZmArg10, ZmMDH, ZmbZIP11,
ZmDPS, ZmFiB2, and ZmMLO14 were studied to determine if the SnRK1 pathway was
being activated or repressed. ZmAkinB and ZmArg10 have been shown to be induced by
SnRK1, whereas ZmMDH, ZmDPS, ZmFiB2, and ZmMLO14 are repressed (BaenaGonzález et al., 2007). For stress specific SnRK1 target genes, ZmAkinB was shown to be
induced and ZmMDH, ZmbZIP11 and ZmFiB2 are repressed (Baena-González et al.,
2007). The results of this study agree mostly with the expected trends for the SnRK1
targets. The only exception was MLO14 which showed slightly higher mRNA
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expression in the starved kernels. Overall, this study supports an active SnRK1 in
response to sucrose deprivation in kernels grown in vitro culture.

Sucrose Starvation Slows Down Metabolism and Growth
Metabolite quantification supports activation of SnRK1. The reduction in sucrose
synthesis, starch synthesis, glycolysis, and citric acid cycle intermediates indicate a
switch from anabolic to catabolic activities consistent with an activation of SnRK1
(reviewed in Schluepmann et al, 2012; Smeekens et al, 2010; Baena-González, 2010).
The intermediary metabolite shikimate is a metabolite critical to growth by synthesising
aromatic compounds and amino acid synthesis. During sucrose starvation the shikimate
levels were depleted. A depressed shikimate concentration can be viewed as an indicator
of growth arrest by the inhibition of key metabolic proteins called 14-3-3 proteins (Diaz
et al., 2011). Re-plating on sucrose results in the recovery of glycolytic process indicated
by metabolomics data; however, respiration metabolites and shikimate were still
repressed indicating that the metabolic condition of the starved kernels is still in a state of
growth arrest for the duration of the experiment. Perhaps if given more time for recovery
the metabolites would return to control values, or another possibility is that the kernels
have started down an irreversible path leading to abortion (McLaughlin & Boyer, 2004)
and will not recover. An experiment with a longer recovery time may provide insight
into whether or not the metabolic state of a starved kernel is recoverable.
The only intermediate that showed significantly increased levels during starvation
was the glycolytic intermediate 3-phosphoglycerate (3-PGA). In a similar experiment by
Lunn et al., (2006), Arabidopsis seedlings were subjected to sucrose starvation and then

64

fed sucrose in a recovery phase. The seedlings experienced a decrease in 3-PGA during
the first 3 days of recovery before levels increased. Their study also showed rapid
increases in sucrose, hexoses, sugar phosphates, and ATP consistent with the recovery
phase in the experiment presented here (Figure 2.8). If this inverse correlation between
3-PGA and sugars, sugar phosphates, and ATP is true for the starvation phase of the
experiment, then the results presented in Figure 2.8 are better explained. It indicates that
there may be a link between sucrose starvation and 3-PGA accumulation as the cells lose
the ability to process 3-PGA in glycolysis resulting in less ATP production.
3-PGA is important in both glycolysis and the Calvin cycle; however
photosynthesis does not occur in kernel tissue it can be assumed that the 3-PGA in this
experiment is primarily from glycolysis. In glycolysis, 3-PGA is an important
intermediate in the reduction of hexose sugars to pyruvate to be used in either respiration
or biosynthesis (Plaxton, 1996). The build-up in 3-PGA may indicate the location of the
restriction in glycolysis could be a result of lower phosphoglycerate mutase activity from
repressed carbon availability. However, a more probable explanation is that the elevated
3-PGA concentration can be attributed to changes in glycerate availability from other
sources in the plant tissue. The catabolic conversion of serine derived from the
mitochondria and peroxisome may be the source of the glycerate that would result in
higher 3-PGA concentrations in sucrose deprived kernels (Hu et al., 2012).

SnRK1 Activity Suggest the Presence of Other Regulatory Factors
In light of all the evidence (low Tre6P, target gene expression and metabolomics),
the results for SnRK1 enzymatic activity were surprising. The results showed a
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substantial decrease in SnRK1 activity, whereas all indications are that the
SnRK1complex is being activated. The best explanation for this phenomenon has to do
with how the assay was performed. The procedure for measuring SnRK1 activity is
performed in vitro, which is not always a good indication of in vivo activity (Zinselmeier,
et al, 2000), with purified SnRK1 enzyme complex which means that any other important
regulatory factors, such as a phosphokinases or transcription factors (reviewed in BaenaGonzález & Sheen, 2008) would have been removed. The fact that the results may seem
contradictory could be seen as potential evidence of an unknown factor required for
proper SnRK1 response. These results emphasize the importance of using an integrated
approach to studying enzyme activity as often the limitations of lab protocols could
potentially lead to an incorrect conclusion.

The Model
To summarize and better visualize all the different process occurring within the
scope of this experiment, a model was created showing how pathways and genes are
being regulated (Figure 2.10). For simplicity, the trends were generalized for the sucrose
starvation phase (0-48 h) and the recovery phase (48-96 h). Gene expression or
metabolite levels that were significantly induced above the control were coloured blue
and those significantly repressed or decreased below the control were coloured red. The
model shows that upon starvation, metabolism is essentially turned off (based on gene
expression and metabolic data) and SnRK1 activity is turned on (based on target gene
data). When sucrose is re-added to the kernel, glycolysis resumes and SnRK1 activity
returns to near normal control levels; however, respiration metabolites do not
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demonstrating a possible lag time in metabolic activity or there may be irreversible
damage leading to senescence as is often observed when kernels are under prolonged
stress (Ruan et al., 2010; Elena Baena-González, 2010; Boyer & McLaughlin, 2007)

Conclusion
This study provides the first example where in vitro kernel culture is utilized to
study the trehalose biosynthetic pathway and SnRK1 in the context of carbohydrate
utilization in early maize kernel development. The conclusion of this study was that the
kernel culture method is not an ideal method for studying kernel abortion in maize when
comparing to whole plants grown in field or growth chamber conditions because of the
extreme conditions of in vitro culturing; however, the study does have usefulness in other
applications. First of all, this study showed that carbohydrate levels rapidly decrease and
increase in response to sucrose starvation and feeding respectively at relatively consistent
rates which might provide a reliable method to evaluate the sink strength of the
developing kernels. Secondly, this study supports the concept presented by Boyer &
McLaughlin (2007) of functional reversion in identifying genes important in regulating
cellular processes. Thirdly, this study supports and raises new questions about the role of
the trehalose biosynthetic pathway in sucrose metabolism as well as the SnRK1 pathway
through measuring Tre6P directly and through the use of known SnRK1 target genes.
Fourthly, it provides indirect evidence of the existence of other factors regulating SnRK1
activity. As for breeding purposes, the kernel culture method would not provide an easy
technique to evaluate sink strength; however, it does add further evidence to the
importance of the trehalose biosynthetic pathway in carbohydrate metabolism. This
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implies that trehalose biosynthetic genes may be important for future genetic
improvement to be used in breeding profiles or for the potential of making profitable
transgenic crops with modified trehalose genes resulting in greater yields or drought
tolerance.
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Figure 2.2. Comparison of inbred B73 grown in 2012 and 2013 for similarities
for hexose sugars and sucrose. Control kernels are indicated with closed (black)
squares and sucrose starved kernels by open (white) squares. The shaded area
indicates the first 48 h where the sucrose starved kernels were plated on sucrose
deprived media and the unshaded area represents the recovery stage where both
control and sucrose starved kernels are plated on 150 mM sucrose medium.
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Figure 2.3. Plot showing mass increase of
kernels grown on sucrose rich medium (black
squares) and kernels grown on no sucrose
medium for the first 48 h and sucrose rich
medium for the remaining 48 h (white
squares).
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Figure 2.4. RT-qPCR for Zea maize B73 inbred for TPS, TPP, Tre, Invertase,
sucrose transporters, and SnRK1 target genes. White squares indicating maize
kernels grown on sucrose deficient medium for the first 48 h and black square line
indicates kernels grown on sucrose rich medium. Shaded area indicating the period of
time of the starvation treatment for the kernels grown on sucrose deficient medium.
Significance is reported at α=0.05 for 3 biological replicates and indicated by
asterisks above the relevant time points. Three reference genes were used for
quantification of relative gene expression.
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Figure 2.5. Study to observe kernel mRNA transcript response to excision and

sterilization treatment within the first 12 h of the sucrose starvation kinetic. The
black squares represent the sucrose fed control and the white squares represent
the sucrose starved kernels. The data represents relative gene expression for 1
biological replication of 3 kernels grouped together. The -2 h represents the
point of excision from the cob, and the 0 h marks when the kernels were plated.
Three reference genes were used for quantification of relative abundance.
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Figure 2.6. Relative gene expression of TPS, TPP, and Tre genes taken from
Maize GDB microarray data for whole kernel samples 2DAP to 24 DAP (Monaco
et al., 2013).
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Figure 2.7. Relative gene expression of SnRK1 target genes and genes important
to sugar metabolism taken from Maize GDB microarray data for whole kernel
samples 2DAP to 24 DAP (Monaco et al., 2013).
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Figure 2.8. Metabolite intermediates and sugar phosphates important in
glycolysis, Citric Acid Cycle, sucrose synthesis, and starch synthesis.
Closed squares indicate control kernels and open squares indicate sucrose
starved kernels. Shaded area indicates the 48 h of starvation experienced for
kernels undergoing sucrose starvation. Means are calculated using 4
biological replicates consisting of 3 plants each and error bars represent ±
SD. Significance is indicated by asterisks and is assessed at p value=0.05.
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Figure 2.9.3 SnRK1 activity assayed in vitro from extracted SnRK1 complexes for B73 inbred kernels undergoing sucrose
starvation compared to the control. Control (C) represents the kernels that are cultured continually on sucrose rich medium
and sucrose starved (SS) are kernels subjected to sucrose starvation for the first 48 h of the experiment. Tre6P was added
to the in vitro assay for the control (C T6P) and the sucrose starved (SS T6P) to measure inhibition of SnRK1 by Tre6P.
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Figure 2.10. Summary of metabolic activity and genetic regulation of SnRK1 by sucrose starvation and recovery.
Metabolites are shown in circles and mRNA transcripts are located in the nucleus and indicated by text. Blue color represents
a significant induction, red color represents a significant repression, and white indicates no change from the control. Major
organelles are colored in light grey and enzymes are designated by circles with a quarter cut out and colored dark grey. The
only enzyme represented is SnRK1. Arrow indicate activation and lines with perpendicular line show inhibition. The
question mark indicates unknown factors regulating SnRK1 activity.
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Tables

Table 2.1. Growing conditions for field grown maize plants
Year

May

June

July

August May - Aug

Temperature (Celcius)
2012
2013
2014
mean

19.39
16.39
18.53
16.86

23.94
22.11
23.44
22.52

28.39
24.33
24.05
25.38

23.50
24.50
24.64
24.07

-----

426
453
454
436

1720
1488
1635
1573

GDD
2012
2013
2014
mean

296
221
271
213

423
366
403
376

575
448
436
477

Precipitation (cm)
2012
2013
2014
mean

7.62
21.44
13.36
10.90

9.07
6.32
14.99
11.05

0.84
2.54
1.30
8.64

0.76
2.82
19.15
8.84

18.29
33.12
48.79
39.42

Monthly and cumulative temperature (oC), growing degree
days (GDD) (base 10 oC for Zea mays), and precipitation
(cm) for the UNL on campus field plots for the 2012,
2013, and 2014 growing seasons. The mean is determined
on the 20 year average.
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Table 2.2. Paired T test for kernel mass increase for B73

2012
2013

2012
2013

0 h vs 48 h

Control
48 h vs 96 h

0 h vs 96 h

0.718
0.032

0.132
0.167

0.083
0.039

0 h vs 48 h

Starved
48 h vs 96 h

0 h vs 96 h

0.527
0.272

0.339
0.300

0.093
0.122

Paired T-test for kernel mass increase measured for B73 inbred for 3
comparisons in the experiment. Significance is set at p<0.05
determined from 4 biological replicates corresponding to kernels used
in sugar quantification figure 8. Significance is indicated by bolded
text.
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Table 2.3. Paired T-test for gene expression between control kernels and treated
kernels undergoing sucrose starvation (0 to 48 h.)
Gene
ZmTPSI.1.1
ZmTPSII.2.1
ZmTPSII.3.3
ZmTPSII.3.2
ZmTPSII.4.2
ZmTPSII.4.1
ZmTPSII.4.3
ZmTPSII.5.3
ZmTPSII.5.4
ZmTPPA.3
ZmTPPA.1
ZmTPPB.1.3
ZmTre
ZmBgal
ZmAkinB
ZmArg10
ZmMPH
ZmbZip11
ZmDPS
ZmFib2
ZmMol14
ZmDin6
ZmInv2
ZmIncw2
ZmSusy1
ZmBt2
ZmSUT1
ZmSUT2
ZmSweet1
ZmSweet2

12 hrs
Control
Mean ± SD
0.35 ± 0.15
3.24 ± 0.11
2.64 ± 0.19
2.87 ± 0.26
2.13 ± 0.48
2.03 ± 0.24
3.37 ± 0.15
3.80 ± 0.53
4.85 ± 0.50
2.55 ± 0.26
-0.31 ± 0.49
2.22 ± 0.71
1.38 ± 0.40
-1.29 ± 0.15
1.15 ± 0.28
5.80 ± 0.46
-0.30 ± 0.15
-0.97 ± 0.42
-2.95 ± 0.56
-0.26 ± 0.23
0.72 ± 0.45
-0.08 ± 0.56
-2.52 ± 0.19
2.74 ± 0.19
3.19 ± 0.73
-0.93 ± 0.16
-0.23 ± 0.3209
0.29 ± 0.3979
1.90 ± 0.3445
-1.83 ± 0.4223

Treated
Mean ± SD
0.31 ± 0.56
3.48 ± 0.07
3.76 ± 0.14
3.32 ± 0.07
2.35 ± 0.07
2.51 ± 0.21
3.57 ± 0.37
3.87 ± 0.56
5.22 ± 0.53
2.62 ± 0.34
0.52 ± 0.13
1.41 ± 0.36
1.00 ± 0.14
-1.97 ± 0.30
0.85 ± 0.21
6.31 ± 0.66
-0.27 ± 0.34
-1.43 ± 0.27
-3.22 ± 0.96
-1.15 ± 0.28
0.61 ± 0.08
-0.65 ± 0.34
-0.80 ± 0.08
3.18 ± 0.14
3.33 ± 0.20
-1.38 ± 0.10
0.40 ± 0.20
0.35 ± 0.12
2.48 ± 0.23
-1.98 ± 0.56

P
0.922
0.048
0.002
0.086
0.500
0.026
0.453
0.869
0.427
0.775
0.092
0.177
0.231
0.039
0.222
0.279
0.887
0.203
0.702
0.013
0.724
0.219
0.001
0.036
0.719
0.020
0.056
0.817
0.083
0.756

48 hrs
Control
Mean ± SD
-0.27 ± 0.32
2.96 ± 0.25
2.39 ± 0.10
2.04 ± 0.17
2.95 ± 0.52
2.02 ± 0.14
3.70 ± 0.08
3.44 ± 0.07
4.27 ± 0.43
1.65 ± 0.43
-0.59 ± 0.08
1.54 ± 0.27
1.56 ± 0.02
-1.77 ± 0.28
-0.21 ± 0.11
5.49 ± 0.48
0.24 ± 0.22
-1.02 ± 0.36
-2.55 ± 0.54
-1.48 ± 0.45
-0.65 ± 0.36
-0.95 ± 0.53
-0.73 ± 0.17
3.72 ± 0.12
2.35 ± 0.13
-1.40 ± 0.16
0.84 ± 0.18
0.05 ± 0.36
1.30 ± 0.47
-3.98 ± 0.91

Treated
Mean ± SD
-0.39 ± 0.21
3.30 ± 0.15
3.25 ± 0.21
2.88 ± 0.32
3.18 ± 0.31
3.06 ± 0.06
3.90 ± 0.31
3.71 ± 0.23
5.13 ± 0.49
1.69 ± 0.37
0.95 ± 0.58
1.00 ± 0.32
0.72 ± 0.23
-1.63 ± 0.12
0.53 ± 0.22
6.56 ± 0.39
-0.82 ± 0.37
-2.35 ± 0.22
-3.35 ± 0.47
-1.82 ± 0.67
0.03 ± 0.52
-0.49 ± 0.35
0.71 ± 0.53
3.44 ± 0.04
2.55 ± 0.26
-1.97 ± 0.07
0.82 ± 0.17
-0.07 ± 0.28
1.93 ± 0.28
-3.43 ± 0.18

P
0.627
0.129
0.001
0.026
0.546
>0.001
0.365
0.172
0.084
0.905
0.043
0.097
0.024
0.479
0.014
0.042
0.020
0.010
0.126
0.513
0.095
0.230
0.033
0.041
0.307
0.013
0.915
0.666
0.135
0.399

Results represent the mean ± SD of gene expression data for time points 12 h. and
48 h. after 3 DAP determined from at least 3 biological samples. Time point 48 h is
when kernels experience maximum sucrose starvation. Significant difference
between control kernels (sucrose fed) and treated kernels (sucrose starved) is
reported at a p<0.05 and indicated by bolded text.
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Table 2.4. Paired T-test for gene expression between control kernels and treated
kernels undergoing sucrose recovery (48-96 h).

Gene

ZmTPSI.1.1
ZmTPSII.2.1
ZmTPSII.3.3
ZmTPSII.3.2
ZmTPSII.4.2
ZmTPSII.4.1
ZmTPSII.4.3
ZmTPSII.5.3
ZmTPSII.5.4
ZmTPPA.3
ZmTPPA.1
ZmTPPB.1.3
ZmTre
ZmBgal
ZmAkinB
ZmArg10
ZmMPH
ZmbZip11
ZmDPS
ZmFib2
ZmMol14
ZmDin6
ZmInv2
ZmIncw2
ZmSusy1
ZmBt2
ZmSUT1
ZmSUT2
ZmSweet1
ZmSweet2

60 hrs
Control
Mean ± SD
-0.47 ± 0.25
2.73 ± 0.32
2.04 ± 0.20
1.97 ± 0.33
2.95 ± 0.69
1.77 ± 0.35
3.49 ± 0.35
2.90 ± 0.11
4.19 ± 0.56
1.72 ± 0.13
-1.00 ± 0.12
1.13 ± 0.52
1.14 ± 0.44
-1.47 ± 0.31
-0.13 ± 0.27
5.18 ± 0.48
-0.32 ± 0.40
-1.20 ± 0.14
-3.19 ± 1.03
-1.79 ± 0.25
-1.21 ± 0.36
-0.92 ± 0.48
-0.96 ± 0.66
3.78 ± 0.09
2.67 ± 0.38
-0.79 ± 0.05
1.03 ± 0.21
0.18 ± 0.64
0.64 ± 0.39
-2.00 ± 1.15

Treated
Mean ± SD
-0.41 ± 0.09
2.72 ± 0.18
2.16 ± 0.09
1.88 ± 0.14
2.29 ± 0.65
1.53 ± 0.25
3.32 ± 0.43
2.48 ± 0.15
3.52 ± 0.52
2.50 ± 0.21
0.00 ± 0.25
2.27 ± 0.43
0.80 ± 0.17
-1.45 ± 0.24
0.19 ± 0.29
4.80 ± 0.36
-0.36 ± 0.59
-0.92 ± 0.12
-3.01 ± 0.89
-1.55 ± 0.74
-0.46 ± 0.23
-0.47 ± 0.39
-1.01 ± 0.85
3.51 ± 0.16
2.71 ± 0.24
-1.76 ± 0.39
0.81 ± 0.12
0.06 ± 0.42
0.50 ± 0.61
-2.28 ± 0.95

P
0.739
0.976
0.408
0.670
0.263
0.384
0.629
0.020
0.200
0.008
0.010
0.039
0.325
0.919
0.238
0.317
0.926
0.063
0.835
0.581
0.020
0.228
0.943
0.077
0.886
0.015
0.202
0.797
0.725
0.804

96 hrs
Control
Mean ± SD
-0.78 ± 0.55
2.04 ± 0.32
2.02 ± 0.88
1.85 ± 0.79
2.02 ± 0.28
1.49 ± 0.28
3.25 ± 0.74
2.67 ± 1.20
3.90 ± 0.62
0.75 ± 0.30
-0.96 ± 0.46
1.28 ± 0.60
0.65 ± 0.54
-1.40 ± 0.25
-0.22 ± 0.48
4.35 ± 0.67
-0.14 ± 0.27
-1.01 ± 0.12
-2.50 ± 0.42
-0.98 ± 1.02
-1.19 ± 0.56
-0.88 ± 0.57
-0.20 ± 0.40
3.19 ± 0.07
2.01 ± 0.21
-0.90 ± 0.09
0.64 ± 0.28
0.47 ± 0.67
0.60 ± 0.52
-1.46 ± 0.29

Treated
Mean ± SD
-0.84 ± 0.38
2.61 ± 0.25
1.57 ± 0.27
1.43 ± 0.46
2.02 ± 0.19
1.21 ± 0.17
2.73 ± 0.18
2.25 ± 0.10
3.23 ± 0.94
1.32 ± 0.14
-0.71 ± 0.46
0.96 ± 0.19
0.92 ± 0.54
-1.40 ± 0.39
-0.19 ± 0.29
4.02 ± 0.53
-0.33 ± 0.33
-1.40 ± 0.34
-4.19 ± 0.64
-0.84 ± 0.84
-1.27 ± 0.62
-0.29 ± 0.40
-0.16 ± 0.20
3.51 ± 0.11
2.03 ± 0.33
-0.63 ± 0.27
0.56 ± 0.04
0.08 ± 0.07
0.42 ± 0.32
-2.38 ± 0.18

P
0.881
0.075
0.478
0.487
0.990
0.216
0.348
0.608
0.370
0.062
0.529
0.462
0.575
0.989
0.917
0.523
0.496
0.180
0.024
0.846
0.855
0.167
0.882
0.019
0.938
0.227
0.676
0.426
0.595
0.014

Results represent the mean ± SD of gene expression data for the s 48 h (time points 60 h.
and 96 h.) after 3 DAP determined from at least 3 biological samples. The two time
points 60 h. and 96 h. were taken after sucrose starved treated kernels are plated on
sucrose rich medium to measure gene expression after treated kernels had been starved
for 48 h. Significant difference between sucrose fed control kernels and recovering
treated kernels is reported at a p<0.05 and indicated by bolded text.
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Control
Mean ± SD
0.90 ± 0.09
1.48 ± 0.19
0.10 ± 0.03
4.37 ± 0.92
1.30 ± 0.50
18.81 ± 3.47
28.33 ± 4.93
125.19 ± 18.58
0.49 ± 0.27
32.76 ± 8.54
89.10 ± 17.25
63.31 ± 11.63
0.66 ± 0.47
42.71 ± 3.88
6.62 ± 1.02
221.94 ± 39.33
31.19 ± 2.42
221.19 ± 52.86
63.34 ± 12.79
8.74 ± 2.93
105.46 ± 35.90
158.11 ± 18.91
1310.92 ± 157.83

12 hrs
Treated
Mean ± SD
0.66 ± 0.23
0.90 ± 0.16
0.11 ± 0.03
4.26 ± 0.27
1.61 ± 0.25
16.89 ± 0.96
29.03 ± 2.78
126.47 ± 9.14
0.41 ± 0.13
32.25 ± 3.22
83.19 ± 4.62
55.28 ± 2.00
0.74 ± 0.27
42.48 ± 1.48
6.53 ± 1.56
191.33 ± 21.57
29.15 ± 3.95
237.75 ± 64.87
58.70 ± 8.08
8.90 ± 0.70
111.97 ± 31.20
169.86 ± 28.80
1170.16 ± 189.92

P
0.119
0.004
0.686
0.834
0.322
0.355
0.816
0.907
0.645
0.917
0.549
0.262
0.769
0.917
0.926
0.235
0.417
0.707
0.566
0.923
0.794
0.524
0.299

Control
Mean ± SD
0.31 ± 0.06
2.74 ± 0.46
0.10 ± 0.03
5.88 ± 0.85
2.33 ± 0.78
29.79 ± 3.11
26.86 ± 7.06
124.23 ± 18.65
1.43 ± 0.27
38.69 ± 7.26
129.19 ± 9.78
73.90 ± 8.80
1.45 ± 0.44
29.05 ± 2.64
13.47 ± 2.07
326.07 ± 10.50
18.79 ± 2.34
82.99 ± 14.65
84.95 ± 23.15
16.60 ± 2.09
125.91 ± 12.62
414.09 ± 62.81
2343.4 ± 471.19

48 hrs
Treated
Mean ± SD
0.09 ± 0.01
0.41 ± 0.08
0.04 ± 0.02
6.28 ± 1.11
2.19 ± 0.85
21.41 ± 3.65
17.71 ± 3.40
106.35 ± 22.27
2.36 ± 0.84
25.34 ± 8.13
87.15 ± 11.23
65.95 ± 12.35
1.23 ± 0.64
8.14 ± 2.08
5.67 ± 1.70
215.60 ± 31.47
6.18 ± 0.61
54.02 ± 6.48
24.00 ± 5.43
31.73 ± 6.68
108.21 ± 23.54
95.04 ± 25.43
341.87 ± 97.61

0.004
0.002
0.032
0.589
0.815
0.014
0.075
0.266
0.107
0.050
0.001
0.339
0.605
<0.001
0.001
0.004
0.001
0.021
0.011
0.016
0.247
0.001
0.003

P

Table 2.5. Paired T-test for gene expression between control kernels and treated kernels undergoing sucrose starvation
(0-48 h).
Gene

Tre6P
Suc6P
ADPGlc
Gal6P
G1,6BP
Glc1P
Gly3P
UDPGlc
PEP
Aconitate
Fru6P
Man6P
FBP
Shikimate
Iso-Citrate
Glc6P
2-OG
Pyruvate
Succinate
3-PGA
Glycerate
Citrate
Malate

Results represent the mean ± SD of gene expression data for time points 12 h and 48 h after 3 DAP determined from
4 biological samples. Time point 48 h represents maximum sucrose starvation experienced by the in-vitro kernels.
Significant difference between control kernels (sucrose fed) and treated kernels (sucrose starved) is reported at a
p<0.05 and are indicated by bolded text.
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Control
Mean ± SD
0.31 ± 0.03
3.56 ± 0.49
0.10 ± 0.02
6.87 ± 0.45
3.05 ± 0.50
35.11 ± 1.57
23.12 ± 2.33
132.36 ± 10.96
2.47 ± 0.66
39.60 ± 6.86
152.93 ± 7.61
87.60 ± 4.33
2.30 ± 0.61
32.64 ± 7.57
13.54 ± 3.51
372.83 ± 9.16
14.10 ± 1.95
82.04 ± 9.83
67.37 ± 19.85
23.99 ± 3.06
121.25 ± 15.94
490.58 ± 78.58
2252.8 ± 688.14

60 hrs
Treated
Mean ± SD
0.19 ± 0.01
5.03 ± 0.22
0.15 ± 0.05
9.88 ± 0.96
2.96 ± 0.76
41.09 ± 4.73
16.75 ± 2.94
111.65 ± 9.48
2.59 ± 0.92
32.04 ± 3.88
187.02 ± 8.01
106.52 ± 12.33
2.78 ± 1.73
9.00 ± 0.80
5.95 ± 0.91
456.71 ± 32.39
5.64 ± 1.16
46.69 ± 6.46
42.10 ± 3.70
30.47 ± 6.05
114.71 ± 16.64
80.41 ± 8.88
446.82 ± 86.33

P
0.002
0.005
0.106
0.004
0.844
0.080
0.016
0.030
0.832
0.116
0.001
0.048
0.630
0.008
0.019
0.011
0.001
0.002
0.082
0.122
0.591
0.011
0.013

Control
Mean ± SD
0.39 ± 0.12
3.08 ± 1.37
0.06 ± 0.02
7.17 ± 0.72
2.84 ± 0.50
30.69 ± 3.07
21.09 ± 4.38
139.91 ± 13.76
3.44 ± 0.82
39.24 ± 2.73
137.63 ± 19.18
98.75 ± 9.94
3.02 ± 1.82
35.73 ± 10.40
14.48 ± 1.63
356.20 ± 54.38
8.38 ± 3.19
98.18 ± 81.57
54.58 ± 38.63
29.03 ± 2.74
99.89 ± 26.79
358.85 ± 50.53
1911.55 ± 772.12

96 hrs
Treated
Mean ± SD
0.25 ± 0.05
3.80 ± 1.44
0.10 ± 0.02
7.80 ± 0.65
3.46 ± 0.93
36.83 ± 3.33
15.14 ± 0.92
134.11 ± 4.71
4.46 ± 1.89
21.90 ± 3.15
149.60 ± 12.10
108.11 ± 16.63
5.09 ± 4.56
15.76 ± 3.88
5.39 ± 0.50
419.48 ± 78.15
3.98 ± 1.57
38.64 ± 11.07
32.57 ± 13.84
39.08 ± 9.09
109.31 ± 10.67
70.67 ± 5.07
389.60 ± 36.52

0.102
0.497
0.091
0.238
0.297
0.035
0.070
0.473
0.376
<0.001
0.339
0.379
0.446
0.025
0.001
0.238
0.063
0.241
0.431
0.111
0.550
0.010
0.029

P

Table 2.6. Paired T-test for gene expression between control kernels and treated kernels undergoing sucrose recovery
(48-96 h).
Gene

Tre6P
Suc6P
ADPGlc
Gal6P
G1,6BP
Glc1P
Gly3P
UDPGlc
PEP
Aconitate
Fru6P
Man6P
FBP
Shikimate
Iso-Citrate
Glc6P
2-OG
Pyruvate
Succinate
3-PGA
Glycerate
Citrate
Malate

Results represent the mean ± SD of gene expression data for the s 48 h (time points 60 h. and 96 h.) after 3 DAP
determined from 4 biological samples. The two time points 60 h. and 96 h. were taken after sucrose starved treated
kernels are plated on sucrose rich medium to measure gene expression after treated kernels had been starved for 48 h
Significant difference between sucrose fed control kernels and recovering treated kernels is reported at a p<0.05 and
are indicated by bolded text.
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Chapter 3
A comparative study between 15 NAM inbred parent lines for in vitro
sink strength and involvement of the trehalose and SnRK1 pathways

Introduction
The production and accumulation of photosynthetic products over the growing
period is critical for obtaining high yields (Stitt, 2013). To further understand the role of
the trehalose pathway in response to sucrose starvation at the early developmental stage
of maize kernels, a comparative study between inbred parent lines was performed for
early developing kernels grown using the in-vitro kernel culture based on the method
described in (Hanft & Jones, 1986).
Ever since the domestication of the wild grass teosinte over six thousand years
ago, the people of North and South America have been striving to improve upon this crop
creating a diverse set of land races that encompasses modern maize (Range, 2004). To
capture some of this diversity, the Nested Association Mapping (NAM) population
consisting of 25 diverse inbred parent lines was created (McMullen et al., 2009). Each
inbred parent line was crossed with B73 as a reference to create 5000 recombinant inbred
lines for the purpose of studying diversity in maize with the goal of improving maize
quality and yield (McMullen et al. 2009). The original conception of quantitative genetics
was extremely constrained by the hypothesis that one gene equals 1 protein (Whitt et al.,
2002). However, this has clearly been shown through numerous genetic studies not to be
the case. Maize is a relatively large genome and subject to rapid change with over a 100
million polymorphic nucleotides with numerous combinations of genes controlling
quantitative traits (Buckler & Thornsberry, 2002).
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This study represents preliminary work in characterizing inbred parent lines from
the NAM population to uncover diversity in sucrose utilization by kernels early in
development when they are most susceptible to stress (Andersen et al., 2002; Setter et al.,
2001; Hiyane et al., 2010). To accomplish this, 15 NAM inbred lines that survived the
2012 growing season were first accessed on their ability to respond to sucrose rich and
depleted conditions in vitro. Once characterized for the ability to accumulate and
metabolize sucrose, a more in-depth gene analysis was performed on three of the NAM
lines (Oh43, B73, and M37W) demonstrating different carbohydrate utilization trends.
This study evaluates the potential kernel sink strength of each inbred line and attempts to
find correlations between the measured sink strength and phenotypic traits as well as
genetic trends in key genes which indicate the metabolic conditions of the developing
kernels.

Materials and Methods

Plant Materials and Growing Conditions
For the 2012 summer, 24 NAM inbred parent lines were grown in individual
rows, 7 plants each, with equal spacing surrounded by border to account for equal
competition and shading. Each plot was replicated in three plantings sowed a week apart
to insure that enough pollen could be obtained in the event of large anthesis intervals (See
Appendix A: Supplemental Figure 1 for 2012 field layout). The plants were watered
twice a week via sprinkler to ensure the plants were well hydrated throughout the
duration of the experiment. Weeds were controlled regularly to minimize the effects of
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nutrient and light competition and no herbicides were applied. Emerging shoots were
covered by Lawson No. 217 shoot bags (5.08 cm X 2.54 cm X 17.78 cm) when the
shoots were approximately the thickness of “a pinky finger” a few days before the
emergence of silk to ensure no uncontrolled pollination could take place. Using
controlled pollination techniques for self-pollination, four plants per genotype were selfpollenated early in the morning to ensure fresh pollen. The bags used to accomplish the
pollinations were Lawson No.402 showerproofed tassel bags which cover the shoot and
silks completely to ensure that cross pollination does not occur.
For the 2013 summer, 15 of the NAM inbred lines from the 2012 growing year
were grown in two plantings with 15 plants per row as an observation and for seed
increase. Based on the results of Figures 3.2 & 3.3 from the 2012 results four inbred
parent lines, Oh43, CML103, CML333, and Ky21, were selected from the inbred lines
that show the least amount of carbohydrate depletion from the control (Figure 3.3, Group
1) and 4 inbred lines, B73, B97, NC350, and M37W, were selected that demonstrated the
greatest differences in carbohydrate depletion between control and starved kernels for
each inbred line. (Figure 3.3, Groups 2 and 3). These 8 inbred lines were grown in small
plots by a randomized block design to compensate for any potential variation in the drip
tape irrigation that could potentially create a water gradient. There were four blocks per
planting of which there were 3 individual plantings spaced approximately week apart.
The eight inbred lines within each block consist of 5 plants each completely randomized
within each block (See Appendix A: Supplemental Figure 2 for 2013 Field Layout).
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Carbohydrate Analysis
Carbohydrates were quantified in the same manner as inbred B73 in chapter 2 for
all maize inbred lines in this study.

Quantitative Gene Expression
DNA extraction, purification, complimentary DNA production, and quantitative
PCR were performed on 3 NAM inbred parent lines in accordance with the protocols
described in chapter 2. The 3 NAM inbred lines: Oh43, B73, and M37W were chosen
from Figure 3.3 from each of the 3 groups 1, 2, and 3 respectively. Primers designed for
B73 were compared for compatibility to Oh43 and M37W contigs from transcriptome
sequence data from (Hirsch et al., 2014) and are archived in the National Center for
Biotechnology Information (NCBI) under the accession number PRJNA189400. These
three inbred lines were chosen because they represent the complete range of the degree of
sucrose utilization in the developing kernels for inbred lines measured in this study.
Relative gene expression was quantified only for the 48 and 60 h time points because the
48 h time point is where the kernels are experiencing maximum starvation and the 60 h
time point was where the kernels experienced the greatest sucrose recovery upon replating to sucrose rich medium. This interval was also ideal because it was least effected
by the initial perceived wounding effect experienced in the first 12 h.

Statistical Methods
The slopes of the 15 NAM inbred lines analyzed in the study were estimated
using the PROC GLIMMIX procedure provided by the SAS/STAT® software version 9.3
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for the analysis of variance (Table 3.1). Three to four biological replications were used
per inbred parent line to provide adequate statistical replication to compare differences in
the rates between NAM inbred parent lines at an alpha = 0.05. The two-way ANOVA
statistical model for estimating slopes of carbohydrate depletion and recovery for the 15
NAM inbred lines is given:
(

)

Where:
is the measured carbohydrate level in the kernel
is the overall mean of measured carbohydrate level
is the effect of level (i) of individual NAM inbred parent line on carbohydrate level
is the effect of level (j) of starvation or recovery treatments on carbohydrate level
(

) is the interaction effect of using level (i) of NAM inbred parent lines with level (j)

of starvation or recovery treatments
is the random error.

Clustering of the 15 NAM families was generated using the “stats” package in R
using version 3.0.1. A Tukey Honest Significant Difference (HSD) test was performed
on the gene expression comparison between inbred lines Oh43, B73, and M37W using R
programs “stats” (R Core Team, 2013) for analysis of variance and the program
“agricolae” (Mendiburu, 2014) was used to make pairwise comparison among expression
means. Pairwise t-test were performed for carbohydrate results for each inbred between
the control and sucrose starved treated kernels at each time point at α = 0.05.
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To search for correlations between in vitro sucrose stress response and phenotypic
traits, a correlation matrix was constructed for the 15 NAM inbred lines in this study
using R programs “stats” (R Core Team, 2013). The correlation matrix was generated
using 21 variables; two of the variables are the slope values for sucrose depletion and
recovery. The 100 kernel weight, plant height, and ear height data were generated from
the 2013 growing season. The remaining variables were an average taken over different
growing locations available from Panzea Project (Buckler et al., 2011). Green shaded
cells indicate positive correlations and red cells indicate negative correlations.

Results
Phenotype Correlations
Positive correlations were observed for the depletion slopes for 100 kernel weight,
leaf width, main spike length, and tassel length with correlation coefficients of 0.28, 0.47,
0.36, and 0.29 respectively (Figure 3.7). For the recovery slopes, the same variables had
correlation coefficients of 0.27, 0.26, 0.51, and 0.34 respectively. ASI was not strongly
correlated with sucrose slopes and had primarily negative correlations with all variables.
There was a high correlation between the two slope values with an R2 = 0.89. For other
phenotypic traits across the 15 NAM inbred parent lines in this study, plant height, ear
height, days to silk and tassel demonstrated the most positive correlations among the
other variables in the study and a correlation of R2 = 0.84 between plant and ear height
and an R2 =0.95 between days to silking and pollen. Other notable high positive
correlations were between tassel branch vs. leaf length, leaf sheath length, main spike
length with R2 = 0.67, 0.71, and 0.71 respectively, and between Tassel Length vs. Leaf
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length, main spike length, and tassel branching with R2 = 0.76, 0.88, and 0.89
respectively. Middle leaf angle and leaf width also were highly correlated with R2 =
0.79.

In Vitro Kernel Growth
Oh43 showed the greatest kernel growth compared to B73 and M37W. For the
Oh43 control (Figure 3.6 A), approximately half the kernel growth occurred during the
first 48 h (starvation stage) and the other half during the last 48 h (recovery stage). This
was different from M37W and B73. In B73, most of the growth occurred during the
recovery stage and in M37W almost no growth was recorded. Overall, the growth
compared to Oh43 was 43% for B73 and 8% for M37W. For the sucrose deprived
kernels (Figure 3.6 B), Oh43 growth was the greatest between the three inbred lines with
B73 and M37W. Oh43 grew over twice as much in the first 48 h as B73 and M37W.
However, when the kernels were plated on sucrose, B73 had showed the most growth for
the recovery stage. Overall Oh43 showed the greatest mass increase followed closely by
B73 and then M37W which grew 84% and 35% respectively compared to Oh43 growth.

Carbohydrate Analysis
After 3 days after pollination (DAP) kernels from all the 15 NAM inbred parent
lines, except Oh43, experienced a significant p ≤ 0.05 or approaching significant p ≤ 0.1
reduction of sucrose and hexose sugar levels compared to the control within the first 12 h
(Figures 3.1 & 3.2; Tables 3.2, 3.3, 3.4 & 3.5). Oh43 was unique because there was no
difference between sucrose and hexose sugars for sucrose starved and control kernels in
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the first 12 h (Table 3.4). With Oh43 as the exception, kernels experienced near sucrose
and hexose sugar depletion by 48 h of sucrose starvation and then a rapid recovery to
near control levels within the first 12 h of recovery by sucrose feeding.
There was a lot of variation in sugar depletion and recovery rates amongst the
inbred lines in this study. To search for a possible correlation between depletion and
recovery rates, each sucrose depletion slope from each inbred was plotted against its
recovery slope. The 0 to 12 h interval represented the depletion slope, and the 48 to 60 h
interval represented the recovery slope (Figure 3.4). These intervals were based on the
observation from Figure 3.2 that the greatest changes in sucrose levels occurred within
these 12 h intervals and therefore could be used as a reasonable measure of sucrose
depletion and recovery rates. Figure 3.4 shows that there is a linear correlation between
sucrose depletion and recovery with an R2 value = 0.7884 and a slope of 0.6355. The
slope value less than 1 indicates that the depletion slope (0 to 12 h) is generally greater
than the recovery slopes (48 to 60 h). Clustering of the inbred lines by trends in slope
values allowed for the inbred lines to be characterized into 3 groups (Figure 3.3). Group
1 kernels showed the least change from the control, group 2 showed intermediate
differences, and group 3 had the greatest difference between the control and sucrose
starved kernels.

Gene Expression between Inbred Lines
One inbred was chosen from each group (Figure 3.3) for mRNA comparisons.
Oh43, B73, and M37W from groups 1, 2, and 3 respectively were chosen to represent the
range in different responses to sucrose starvation for the inbred lines in this study. The
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three inbred lines were analyzed for trehalose biosynthetic gene expression as well as
compatible SnRK1 gene targets and cytoplasmic soluble invertase ZmInv2 expression
(Figure 3.5). To simplify the experiment, only the 48 to 60 h interval was evaluated. The
reason for this was that this interval was far enough away to not be greatly affected by the
initial response from the kernel excision and sterilization described in the materials and
methods. Since the recovery slope was inversely correlated to the depletion slope,
measuring one would give a reasonable prediction for the rate of the other.
If the gene expression correlates with the sucrose recovery rate, then it would be
expected that the gene expression would mirror this trend with a stair step pattern. The
stair-step pattern would have Oh43 or M37W as either the highest or lowest with B73 in
the center and closer to M37W. At the 48 h time point ZmTPSI.1.1, ZmTPSII.4.3,
ZmTPSII.5.4 and ZmINV2 showed a pattern where Oh43 had the greatest differences in
mRNA between control and sucrose starved kernels, whereas ZmTRE demonstrated an
inverse trend (Figure 3.5, A). For all 3 maize inbred lines the TPSII genes and the upregulated SnRK1 targets, ZmAkinβ and ZmARG10 (Baena-González et al., 2007),
increased and the down-regulated SnRK1 genes, ZmMDH and ZmDPS (Baena-González
et al., 2007) decreased.
After 12 h of sucrose feeding on the recovery phase, only ZmTPSII.5.4 and
ZmINV2 displayed this stair-step trend. However, both of the TPP, ZmTPPA.3 and
ZmTPPA.1 had similar trends with Oh43 significantly less than B73 and M37W (Figure
3.5, B). The TPSII genes and the SnRK1 up-regulated genes were no longer induced at
near control levels. Interestingly the down-regulated SnRK1 targets were still repressed
(Figure 3.5, B).
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Discussion
In the present study, 15 NAM population inbred lines were characterized
by the rate at which their kernels (3DAP) utilize sucrose in response to sucrose starvation
compared to kernels cultured on sucrose rich medium. Whole plant studies have
examined carbohydrate depletion and accumulation in maize kernels, but are usually
limited to one or to a few inbred lines (Hiyane et al., 2010; McLaughlin & Boyer, 2004;
Zinselmeier, 1999). The ability to maintain sink strength in cereals has been examined
for possible breeding applications (Ji et al., 2010; Fischer & Edmeades, 2010; Qi et al.,
2010). Sink strength is defined as the competitive ability of sink tissue to import and
store assimilates (Marcelis, 1996). Maize inbred lines that utilize sucrose at a higher rate
may be indicative of a better sink strength; however, they may be more susceptible to
periods of low carbon availability as depletion of reserves is rapid in young kernels and
often leads to kernel abortion (McLaughlin & Boyer, 2004). This study successfully
ranked the 15 NAM inbred lines by their in vitro sink strength in response to sucrose
starvation. This study is unique because it is the first time kernels from multiple inbred
lines’ sink strengths are compared in response to sucrose starvation for kernels grown in
vitro culture.

In Vitro Sink Strength Correlates to Phenotypic Traits
A correlation matrix was constructed comparing phenotypic traits as well as
sucrose depletion and recovery were compared in an attempt to associate physical traits
to the individual sink strengths presented in this study. Overall the correlations were
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relatively low which is expected since phenotypic differences are known to be weakly
associated with genetic variance for cereal crops (Hung et al., 2012). The traits that
correlated the strongest to sucrose depletion and recovery were leaf length, main spike
length, tassel length, and 100 kernel weights. Interestingly, these are mostly reproductive
traits and traits relating to source and sink tissues. This is interesting because a strong
sink strength in reproductive organs is generally reflective of a strong assimilate supply
in source tissues (Ji et al., 2010). More studies need to be done with more inbred lines to
test the validity of the correlations presented in this study.

Sucrose Level is a Good Indicator of Sink Strength
This experiment first tested the sucrose utilization and uptake of the 15 inbred
lines to get a measurable way to assess sink strength. Sink strength is important because
it is an indicator of metabolic activity (Ji et al., 2010). One of the major findings of this
study was the consistency at which sucrose is hydrolyzed during starvation and then
imported during recovery. This consistency produced a strong linear correlation among
the inbred lines indicating that the sucrose depletion and uptake is predictable. This is
useful because you only need to measure either sucrose depletion or recovery to get a
reasonable estimate of the metabolic rate for sucrose metabolism of each inbred.
Knowing this, it would be easier to evaluate more maize inbred lines because fewer time
points would be needed to assess sink strength if this method was to be applied into a
breeding strategy.
Sucrose concentration in kernels has been demonstrated to be negatively
correlated with invertase activity and mRNA expression in response to in drought stress
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treatments and important in maintaining reproductive sink strength and growth
(Andersen et al., 2002; Roitsch & González, 2004; Hanft & Jones, 1986). With this
inverse correlation, sucrose depletion rates may indicate invertase activity for the inbred
lines in this study. This would mean that a faster sucrose depletion rate could indicate
higher invertase activity and a higher rate of other sucrose utilizing metabolic functions
contributing to growth. Invertases have an important role in importing and hydrolyzing
sucrose and when invertase and metabolic activity is repressed, carbohydrate
accumulation is reduced (Ji et al., 2010) as well as the demand for assimilates in the
reproductive sink tissues (Schussler & Westgate, 1991). Based on the importance of
sucrose accumulation in kernel tissues, the sucrose utilization rates in this study may
present an important trait that once understood can be used to increase yield.

Oh43 Displays Resilience to Sucrose Starvation
When undergoing starvation stress, Oh43 does not immediately show depletion in
kernel sucrose levels compared to the control. Oh43 also maintains higher kernel growth
during starvation than B73 and M37W. Oh43 seems to have an ability to respond quicker
to starvation then the other inbred lines by maintaining a higher sucrose concentration in
the kernel to support anabolic activity. A study by Zeng et al. (1999) found that Oh43
responds quickly to low oxygen stress by down-regulating invertase activity within a few
h of stress which was vital in conserving energy molecules, such as cytoplasmic sucrose.
The ability to rapidly respond to stress allowed Oh43 to conserve resources to survive
prolonged severe anoxia better than the other inbred lines in their study. This observation
in seedlings may help explain why Oh43 does not show the same sucrose depletion that
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the other lines experience, but it does not explain the elevated invertase mRNA which
indicates possibly higher invertase activity. It is important to note that higher mRNA
levels do not necessarily indicate increased enzyme activity as they are subject to post
transcriptional regulation (Filipowicz et al., 2008) or by hormone regulation (Koch, 2004;
Kim, 2000). Since the excised kernels are no longer receiving exogenous hormones due
to excision, it is possible that this is the reason for the elevated invertase levels. More
experiments utilizing different hormone rich culturing medium would be needed to
understand what the role that hormones have in controlling invertase mRNA levels in
kernels grown in-vitro.
The initial increase in sucrose concentration and slow sucrose depletion for Oh43
for both the control and sucrose deprived kernels throughout the starvation period is
perplexing. The sucrose in the sucrose deprived kernels must be coming from
somewhere and the only sources it could be coming from would be either the supporting
cob tissue left attached for in vitro kernel culturing, or internal storage in the vacuole.
This is supported by a study by Setter & Meller, (1984) that showed that if reproductive
tissue cannot acquire assimilates from source and other sink tissues then the reproductive
tissue will be dependent upon its own assimilate reserves. Perhaps this is what Oh43 is
more equipped at doing as opposed to B73 and M37W. Oh43 may have greater
carbohydrate reserves in the pedicel region and in the vacuole, and is able to access these
resources quickly during stress delaying sucrose depletion and maintaining a high
invertase activity, whereas the invertase activity of B73 and M37W would likely start
high and decreased as sucrose was rapidly depleted and not replaced. To test this,
carbohydrates and starch content would have to be quantified for cob tissue for the inbred
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lines in this study for both kernel and cob tissue. In addition, invertase activity and
sucrose transport mechanisms in both of these tissues need to be understood to explain
the unusually high sucrose levels in sucrose starved Oh43kernels.

SnRK1 is Active Upon Sucrose Starvation as Indicated by Target Genes
The trehalose intermediate Tre6P is important in controlling anabolic and
catabolic processes through the regulation of SnRK1 (Zhang et al., 2009; Paul et al.,
2010; Delatte et al., 2011). This study did not measure Tre6P directly, but measured TPS
genes, which are induced targets of SnRK1 (Baena-González et al., 2007). Tre6P
represses SnRK1 activity (reviewed in Tomé et al., 2014); therefore, high TPS expression
could be viewed as an indicator of low Tre6P. This is supported by a recent study that
showed that TPS expression and Tre6P levels are inversely correlated in response to
shade stress in maize (Henry et al., 2014).
TPP, which dephosphorylates Tre6P, gene expression showed varying results.
ZmTPPA.1 acted similarly to TPS expression and was induced during starvation,
whereas ZmTPPA.3 was not induced for any of the inbred lines. This may indicate tissue
specific functions as purposed by Vandesteene et al., (2012). A similar trend was seen in
leaf tissue where ZmTPPA.1 was also observed to follow closely to TPS expression in
shade stressed maize seedlings (Henry et al., 2014). Differences between inbred lines did
not occur for TPP expression until 60 h (12 h after recovery). After 12 h of recovery,
TPP expression for Oh43 was lower than in B73 and M37W. It has been demonstrated
that low TPP is associated with high Tre6P during shading and salt stress (Henry et al.,
2014; unpublished data) , so the expectation would be that Oh43 may have higher Tre6P
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and is actively repressing SnRK1 more than B73 and M37W. Without metabolomics data
and Tre6P quantification, it is difficult to discuss further the implications that this has on
the metabolic state of Oh43 compared to the two other inbred lines.
Trehalase, the last step in the trehalose biosynthetic pathway converting trehalose
to glucose monosaccharides, showed differences gene expression between Oh43 and B73
and M37W lines. In all three inbred lines, trehalase was repressed with Oh43 being
repressed the most. Whereas some work has shown that reduced trehalase activity results
in higher trehalose content (Goddijn, 1997; Müller et al., 2001), it was shown that
manipulation of trehalase genes did not have any developmental effects and that the
trehalose intermediate Tre6P, and not trehalose, was more important in maize metabolism
and developmental processes (Schluepmann et al., 2003).

Oh43 as a Potential Candidate for Breeding Drought Tolerance
Based on the research presented in this this chapter, inbred Oh43 stands out as
potentially interesting to do further studies. Oh43’s unique sugar utilization and gene
expression indicate that it may better at enduring sucrose starvation than the other inbred
lines in this study. However, there are other qualities that make it hard to work with.
Oh43 suffers from poor emergence. A study by Tapper & Nevins (1974) found that a
defect in coleoptile development during germination is the cause for poor immergence.
However, they showed that Oh43 can still be successfully crossed with other inbred lines
which restores normal emergence in the progeny and therefore could still be used in a
breeding program as long as special consideration is taken to compensate for low
emergence. Examples of successful breeding implementations using Oh43 are the
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Shrunken -2 gene (Sh2) and Sugary-1 gene (Su) used in sweet corn production in spite of
poor emergence and pathogen susceptibility (reviewed in Headrick et al., 1990). As in
many cases with genetic selection, there are often disadvantageous traits that are
associated with a desired trait and a balance has to be reached weighing the benefits
against the cost in determining an inbred lines value. This study is limited as it only
assesses sink strength in vitro when ultimately it is its performance in the field that
matters. More work needs to be done in understanding sucrose utilization and stress
response in Oh43 as well as the other inbred lines under controlled drought specific
studies to accurately evaluate and recommend for use into a breeding strategy.

Conclusion
This study represents preliminary work in categorizing inbred maize lines of the
NAM population by the sink strength of their young kernels 3DAP measured by the rate
of sucrose utilization. This study confirmed that there is a lot of diversity in how inbred
lines with different genetic background accumulate and process sucrose for metabolic
functions. It also identified 3 basic groups of inbred lines with different sink strength
profiles which were tested using target genes for the trehalose and SnRK1 pathway
involvement. Of the three inbred lines, Oh43 demonstrated uniqueness in its ability to
quickly shift from normal activity to a resource conservation mode and did not
experience the same rapid depletion of resources as the other two inbred lines B73 and
M37W. Differences in sink strength, gene expression, and phenotype correlations may
indicate a unique response to sucrose starvation for Oh43 and a more in depth study of
this inbred for protein activity and Tre6P quantification is needed to understand the
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regulatory mechanisms at work in Oh43 and how they differ from B73 and M37W. Once
these differences are understood, there is great potential for developing more stress
resistant crops by genetic improvement.
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Figure 3.1: Plots of Hexose sugar concentration in young kernels for NAM
inbred lines measured in µmole*g-1FW in sucrose starved (white square), and
sucrose fed (black square) starting 3DAP and continuing for 96 h. The shaded
region indicates the time frame in which the sucrose starved kernels are on
medium without sucrose and the unshaded regions indicates the time frame
after both the sucrose starved and fed kernels are transferred onto fresh sucrose
medium.

109

100

Oh43

Mo18W

HP301

A

K

F

80
60

*

40

* * *

*
*

* * *

* *

*

*

20
0

Tx303

CML103

100

B73

G

B

L

80

60
40

* *

20

*

*

*

* *

*

*

0

CML333

Sucrose
µmol*g-1 FW

100

Ms71

B97

H

C

M

80

60
40

* *

20

*

* * *

*

*

* *

*

*

0
100

Ky21

Oh7b

D

80

N

60

40

* *

20

NC350

I

* *

* *

* *

*

*

*

0

P39

100

M37W

NC358

E

O

J

80

* *

60
40
20

* *

*

24

48

* *

*

24

48

* *

0

0

72

96

0

72

96

0

24

48

72

96

Time (h)
Figure 3.2: Plots of sucrose concentration in young kernels from NAM inbred
lines measured in µmole*g-1FW in sucrose starved (white square) and sucrose fed
(black square), starting 3DAP and continuing for 96 h. The shaded region indicates
the time frame in which the sucrose starved kernels are on medium without sucrose
and the unshaded regions indicates the time frame after both the sucrose starved
and fed kernels are transferred onto fresh sucrose medium.
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Figure 3.7. Correlation coefficient matrix for phenotypic notes and sucrose slopes for the 15 NAM inbred parent lines in
this study. Green shading indicates positive correlation and re indicates negative correlation.
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Tables

Table 3.1. Slope Estimates between the Control and Treated kernels for
sucrose depletion and recovery

Inbred
OH43
Ky21
CML103
CML333
P39
HP301
Tx303
Ms71
Oh7B
NC358
Mo18W
B73 (2012)
B73 (2013)
B97
M37W
NC350

Starvation (0-12 Hrs.)
Estimate ± SE
-0.16 ± 0.36
0.71 ± 0.36
0.56 ± 0.36
0.93 ± 0.41
0.81 ± 0.36
1.09 ± 0.36
1.25 ± 0.44
1.54 ± 0.36
1.48 ± 0.41
1.79 ± 0.41
2.39 ± 0.36
2.57 ± 0.36
3.19 ± 0.36
3.61 ± 0.41
3.72 ± 0.36
4.30 ± 0.41

P
0.651
0.0491
0.1185
0.0261
0.0258
0.0031
0.0052
<0.0001
0.0006
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

Recovery (48-60 Hrs.)
Estimate ± SE
0.69 ± 0.3751
0.97 ± 0.3751
1.02 ± 0.4331
0.69 ± 0.4331
1.83 ± 0.3751
1.23 ± 0.3751
1.68 ± 0.3751
1.01 ± 0.3751
2.05 ± 0.4331
1.62 ± 0.4331
2.32 ± 0.3751
2.83 ± 0.3751
3.55 ± 0.3869
3.40 ± 0.3751
3.37 ± 0.3751
2.72 ± 0.4331

P
0.0707
0.0111
0.021
0.1173
<0.0001
0.0015
<0.0001
0.0088
<0.0001
0.0003
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

Results represented in estimated slope ± SE. The starvation slope estimate is
based on the first 12 h of treatment and the recovery slope estimates are
based on the 48 to 60 h interval which is the first 12 h after treated kernels
are plated on sucrose rich medium. Significance is based on a p <0.05
determined from 3 to 4 biological replicates quantified via capillary HPIC.
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Table 3.2. Paired T test between control and treated kernels for hexose sugars content
for sucrose starvation (12- 48 h) for NAM inbred lines
Inbred
B73
B97
CML103
CML333
HP301
Ky21
M37W
Mo18W
Ms71
NC350
NC358
Oh7b
Oh43
P39
Tx303

12 Hr.
Control
Mean± SD
90.52 ± 6.14
66.39 ± 10.63
69.91 ± 6.44
56.37 ± 13.48
31.23 ± 8.02
65.90 ± 6.39
62.18 ± 11.49
42.26 ± 7.35
68.10 ± 13.66
50.86 ± 2.31
34.84 ± 0.73
54.39 ± 10.61
64.13 ± 17.17
38.22 ± 8.47
37.37 ± 7.19

Treatment
Mean± SD
43.62 ± 19.42
31.96 ± 11.50
40.45 ± 11.08
35.26 ± 6.42
9.14 ± 4.16
40.38 ± 4.75
34.17 ± 12.07
18.86 ± 4.03
36.42 ± 4.06
4.29 ± 1.14
15.89 ± 4.04
30.89 ± 3.55
74.30 ± 6.49
19.05 ± 3.82
30.69 ± 1.44

P
0.013
0.005
0.006
0.044
0.006
0.001
0.015
0.003
0.015
<0.001
0.013
0.050
0.419
0.042
0.410

24 Hr.
Control
Mean± SD
74.75 ± 7.25
59.49 ± 5.75
61.13 ± 8.47
48.54 ± 6.00
35.14 ± 4.45
50.77 ± 5.28
60.19 ± 10.42
41.39 ± 1.52
74.52 ± 0.80
41.15 ± 6.56
38.55 ± 3.43
50.71 ± 6.89
67.24 ± 24.27
39.10 ± 7.96
46.93 ± 4.35

Treatment
Mean± SD
37.70 ± 4.41
22.42 ± 5.78
27.71 ± 7.96
31.45 ± 2.39
6.00 ± 3.26
27.59 ± 9.55
27.90 ± 5.21
15.17 ± 4.10
24.57 ± 2.72
3.96 ± 2.15
12.55 ± 4.41
21.40 ± 4.24
66.87 ± 3.35
10.36 ± 7.71
23.42 ± 4.87

P
<0.001
<0.001
0.001
0.006
0.001
0.010
0.020
<0.001
<0.001
0.063
0.007
0.006
0.982
0.011
0.018

48 Hr.
Control
Mean± SD
77.02 ± 2.43
71.98 ± 16.43
56.34 ± 10.61
49.40 ± 13.61
35.92 ± 4.07
55.58 ± 0.56
62.05 ± 0.29
46.25 ± 7.02
76.75 ± 8.92
56.90 ± 6.70
43.09 ± 12.92
53.64 ± 10.70
58.54 ± 6.94
38.69 ± 3.90
50.16 ± 1.70

Treatment
Mean± SD
24.01 ± 7.14
16.04 ± 10.81
28.97 ± 7.89
27.42 ± 1.53
3.54 ± 3.21
25.06 ± 6.54
12.43 ± 6.14
10.27 ± 4.07
12.54 ± 5.91
2.03 ± 0.50
8.54 ± 2.50
12.06 ± 3.77
36.47 ± 10.71
6.00 ± 3.80
23.01 ± 4.79

P
<0.001
0.002
0.024
0.106
<0.001
0.002
<0.001
0.004
0.001
0.054
0.157
0.014
0.049
<0.001
0.005

Results represent the mean ± SD for hexose sugar concentration per kernel quantified
via capillary HPIC for the first 3 time points where control kernels are grown on
sucrose rich medium (150 mM) and treated kernels are grown on sucrose deficient
medium. Significance is reported at p<0.05 from 3-4 biological replications.

Table 3.3. Paired T test between control and treated kernels for hexose sugars content
for recovery (60-96 hours) for NAM inbred lines
Inbred
B73
B97
CML103
CML333
HP301
Ky21
M37W
Mo18W
Ms71
NC350
NC358
Oh7b
Oh43
P39
Tx303

60 Hr.
Control
Mean± SD
79.54 ± 8.22
67.04 ± 12.75
57.28 ± 5.29
46.52 ± 6.47
40.59 ± 9.98
49.86 ± 5.87
57.82 ± 7.95
56.63 ± 7.30
78.50 ± 18.49
49.01 ± 7.67
40.49 ± 1.06
55.78 ± 6.92
52.66 ± 6.06
47.90 ± 8.72
45.98 ± 0.97

Treatment
Mean± SD
57.39 ± 5.21
39.72 ± 5.76
35.40 ± 5.62
37.49 ± 6.96
20.26 ± 3.39
34.93 ± 4.16
46.66 ± 11.64
39.32 ± 4.16
44.11 ± 17.79
33.52 ± 3.35
27.66 ± 4.94
39.30 ± 3.21
42.59 ± 12.90
53.18 ± 14.55
33.71 ± 1.97

P
0.006
0.016
0.001
0.106
0.021
0.011
0.239
0.012
0.060
0.058
0.160
0.037
0.313
0.624
0.003

72 Hr.
Control
Mean± SD
82.13 ± 4.30
60.90 ± 9.81
58.16 ± 4.11
47.53 ± 5.67
38.02 ± 8.85
46.49 ± 3.15
57.78 ± 2.64
62.77 ± 20.00
74.74 ± 6.58
45.02 ± 1.91
43.69 ± 2.30
55.34 ± 6.88
49.26 ± 7.29
41.25 ± 8.07
51.78 ± 9.13

Treatment
Mean± SD
63.12 ± 4.81
55.82 ± 7.32
46.25 ± 1.62
36.89 ± 3.70
25.03 ± 3.58
40.46 ± 6.38
41.19 ± 10.83
41.30 ± 3.97
59.66 ± 14.20
48.08 ± 8.29
32.74 ± 4.43
48.13 ± 5.43
47.41 ± 16.76
37.13 ± 4.90
39.37 ± 2.00

P
0.001
0.441
0.006
0.030
0.112
0.241
0.110
0.200
0.199
0.593
0.037
0.231
0.873
0.499
0.137

96 Hr.
Control
Mean± SD
85.48 ± 6.77
64.62 ± 7.82
63.34 ± 7.07
50.21 ± 2.94
42.61 ± 3.80
51.03 ± 6.17
66.27 ± 7.84
60.36 ± 5.35
77.74 ± 11.42
51.26 ± 9.94
48.45 ± 7.90
65.59 ± 9.04
53.01 ± 12.53
58.15 ± 8.95
53.09 ± 4.51

Treatment
Mean± SD
78.18 ± 2.39
64.63 ± 14.54
49.56 ± 5.19
43.70 ± 3.55
31.51 ± 8.76
44.80 ± 5.66
57.98 ± 9.00
29.57 ± 9.30
60.51 ± 7.26
63.67 ± 15.40
22.33 ± 19.35
51.22 ± 4.01
17.01 ± 11.41
68.04 ± 19.29
25.85 ± 7.08

P
0.116
~1
0.022
0.031
0.079
0.188
0.215
0.003
0.051
0.316
0.131
0.094
0.022
0.483
0.008

Results represent the mean ± SD for hexose sugar concentration per kernel quantified
via capillary HPIC for the last 3 time points where control kernels are continued to be
grown on sucrose rich medium (150 mM) and treated kernels are re-plated to sucrose
rich medium (150 mM) to measure sucrose concentration as the treated kernels are
recovering from sucrose deficient conditions. Significance is reported at p<0.05 from 34 biological replications.
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Table 3.4. Paired T test between control and treated kernels for sucrose content for
sucrose starvation (12-48 h) for NAM inbred lines.
Inbred
B73
B97
CML103
CML333
HP301
Ky21
M37W
Mo18W
Ms71
NC350
NC358
Oh7b
Oh43
P39
Tx303

12 Hr.
Control
Mean ± SD
41.72 ± 4.88
52.50 ± 10.47
16.69 ± 1.72
21.31 ± 1.51
16.33 ± 12.49
22.91 ± 2.49
64.79 ± 5.64
35.24 ± 6.56
23.05 ± 4.78
53.49 ± 6.10
25.89 ± 3.88
32.52 ± 7.34
31.20 ± 6.62
15.40 ± 6.18
24.86 ± 6.39

24 Hr.
Treatment
Mean ± SD
10.93 ± 2.65
7.15 ± 1.32
9.95 ± 0.32
10.13 ± 1.05
3.29 ± 0.45
14.38 ± 3.05
20.19 ± 4.65
6.57 ± 3.16
4.59 ± 0.63
1.88 ± 0.40
4.47 ± 1.05
14.79 ± 0.61
33.14 ± 6.96
5.69 ± 1.58
11.12 ± 2.89

P
<0.001
0.003
0.004
0.008
0.128
0.005
<0.001
0.001
0.004
0.005
0.007
0.024
0.700
0.048
0.175

Control
Mean ± SD
42.94 ± 5.28
55.03 ± 9.81
22.50 ± 2.23
20.65 ± 1.85
21.58 ± 9.13
24.68 ± 4.92
69.23 ± 3.24
39.30 ± 4.87
31.72 ± 8.15
48.03 ± 10.68
24.03 ± 2.61
32.65 ± 3.91
40.76 ± 4.77
22.26 ± 3.27
28.18 ± 5.65

48 Hr.
Treatment
Mean ± SD
9.13 ± 3.14
5.59 ± 1.90
6.46 ± 2.46
8.07 ± 2.10
1.32 ± 1.33
7.97 ± 2.61
10.76 ± 1.88
4.50 ± 1.30
3.25 ± 1.47
1.57 ± 1.45
2.23 ± 0.12
9.95 ± 2.53
26.73 ± 4.93
2.66 ± 1.10
6.79 ± 0.93

P
<0.001
0.002
<0.001
<0.001
0.020
0.003
<0.001
<0.001
0.005
0.011
0.005
0.001
0.006
0.001
0.148

Control
Mean ± SD
45.05 ± 7.71
58.04 ± 7.95
23.15 ± 0.62
21.01 ± 1.34
28.88 ± 6.97
25.99 ± 4.47
59.44 ± 7.77
37.28 ± 3.88
31.13 ± 4.24
57.02 ± 8.32
24.84 ± 1.59
38.92 ± 5.85
46.02 ± 7.50
20.61 ± 1.59
31.86 ± 4.31

Treatment
Mean ± SD
5.97 ± 1.05
4.07 ± 1.35
5.00 ± 3.37
5.67 ± 0.29
0.22 ± 0.22
7.40 ± 0.92
4.42 ± 1.80
1.96 ± 0.83
1.58 ± 0.82
0.56 ± 0.49
2.90 ± 1.01
5.79 ± 1.17
16.76 ± 4.59
2.00 ± 1.13
5.48 ± 1.22

P
0.002
0.001
0.001
<0.001
0.004
0.003
<0.001
<0.001
0.001
0.001
<0.001
0.006
0.001
<0.001
0.001

Results represent the mean ± SD for sucrose concentration per kernel quantified via
capillary HPIC for the first 3 time points where control kernels are grown on sucrose
rich medium (150 mM) and treated kernels are grown on sucrose deficient medium.
Significance is reported at p<0.05 from 3-4 biological replications.

Table 3.5. Paired T test between control and treated kernels for sucrose for recovery
(60 – 96 h) for NAM inbred lines
Inbred
B73
B97
CML103
CML333
HP301
Ky21
M37W
Mo18W
Ms71
NC350
NC358
Oh7b
Oh43
P39
Tx303

60 Hr.
Control
Mean ± SD
42.16 ± 5.63
56.44 ± 7.87
21.45 ± 4.73
22.52 ± 1.66
33.60 ± 2.67
25.05 ± 3.52
56.73 ± 5.23
35.84 ± 3.62
40.90 ± 14.01
74.01 ± 5.98
24.81 ± 1.85
35.55 ± 3.63
47.90 ± 5.85
20.08 ± 2.27
31.26 ± 3.26

72 Hr.
Treatment
Mean ± SD
36.98 ± 3.49
43.24 ± 8.37
15.61 ± 5.35
15.40 ± 2.43
15.75 ± 5.37
18.16 ± 3.38
42.10 ± 5.76
28.32 ± 1.31
23.41 ± 6.63
50.18 ± 3.03
22.26 ± 2.41
27.00 ± 4.76
26.87 ± 6.26
23.47 ± 9.07
25.04 ± 3.66

P
0.178
0.061
0.153
0.001
0.049
0.030
0.010
0.020
0.083
0.008
0.224
0.114
0.003
0.515
0.044

Control
Mean ± SD
47.59 ± 9.91
61.90 ± 11.86
23.87 ± 5.21
20.16 ± 0.11
33.43 ± 4.44
24.61 ± 3.29
63.52 ± 11.22
32.48 ± 2.05
43.33 ± 3.42
56.75 ± 10.17
24.40 ± 1.98
38.28 ± 4.90
51.91 ± 3.39
23.04 ± 5.04
30.13 ± 3.47

96 Hr.
Treatment
Mean ± SD
39.30 ± 5.30
57.19 ± 9.97
23.38 ± 1.88
15.62 ± 0.26
16.50 ± 9.14
20.90 ± 2.79
48.75 ± 5.74
29.83 ± 2.21
26.99 ± 3.86
57.47 ± 5.71
23.64 ± 0.59
31.74 ± 5.77
38.54 ± 3.27
28.81 ± 11.97
28.17 ± 3.08

P
0.205
0.567
0.871
0.011
0.026
0.138
0.072
0.129
0.001
0.810
0.578
0.228
0.001
0.424
0.432

Control
Mean ± SD
40.49 ± 6.49
55.18 ± 5.43
23.25 ± 3.94
23.50 ± 1.33
33.07 ± 4.36
24.77 ± 3.41
56.08 ± 3.36
31.86 ± 2.56
42.04 ± 5.09
62.51 ± 5.19
23.97 ± 2.18
35.38 ± 4.65
44.12 ± 3.96
21.03 ± 3.46
33.74 ± 3.51

Treatment
P
Mean ± SD
45.20 ±
2.15 0.247
52.46 ±
6.77 0.555
22.71 ±
4.81 0.868
22.08 ±
4.35 0.309
6.91 ±
10.23 0.009
21.90 ±
2.67 0.237
66.77 ±
8.91 0.091
22.71 ±
7.83 0.097
32.20 ±
15.51 0.300
70.09 ±
7.60 0.066
17.70 ±
5.76 0.191
30.04 ±
4.90 0.312
22.57 ±
4.53 <0.001
35.93 ±
21.02 0.252
21.44 ±
4.66 0.007

Results represent the mean ± SD for sucrose concentration per kernel quantified via
capillary HPIC for the last 3 time points where control kernels are continued to be
grown on sucrose rich medium (150 mM) and treated kernels are re-plated to sucrose
rich medium (150 mM) to measure sucrose concentration as the treated kernels are
recovering from sucrose deficient conditions. Significance is reported at p<0.05 from
3-4 biological replications.
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Appendix A
Supplementary Figure 1
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Supplemental Figure 2
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Supplemental Figure 3
cDNA

Gene Accession
Number

Forward Primer (5'->3')

Reverse Primer (5'->3')

ZmTPSI.1.1

GRMZM2G068943

ACAGAGCTACACCCGTAGCTAGTCA

TCCTTTATCCTTTCCCATTTGCTA

ZmTPSII.2.1

GRMZM2G019183

AGCTACGGTCAGTCCTCAACC

GAAGATATCCATGTCATCAACACCA

ZmTPSII.3.3

GRMZM2G118462

TTTGAAAATATTGCTGATATCATTGG

GATTGTTCGTCACCAATATCAAGTG

ZmTPSII.3.2

GRMZM2G118462

GCATCGGCGATGATAGGTCC

AATCAGATTCCAGTTCAGCTCCAGT

ZmTPSII.4.2

GRMZM2G008226

ATTTCTTGATTACGATGGCACACTT

CCGCTAGACCAAGCTTCTCACAC

ZmTPSII.4.1

GRMZM2G527891

CTCCAAGCGCTGAACTTATCTCTAC

GCTTCCATTCAGAATAAATACCTGAGA

ZmTPSII.4.3

GRMZM2G366659

TGTGAAGTGTGGCCATTATATCGTA

CGTTGTTGTTGGCCAGTGCT

ZmTPSII.5.3

GRMZM2G312521

GTCCGTGTCCGTTCCTTCTT

AGGAGGACAGGTGGTACAAATATGG

ZmTPSII.5.4

GRMZM2G122231

CCATGGGATACCTCCGGG

CTCTCCTTGTGCTCGATGTAGGAG

ZmTPPA.3

GRMZM2G112830

GTCACCTGTCATCACCGATCC

ATTGACAAGGACCTCCTCGATTTTA

ZmTPPB.1.5

GRMZM2G151044

GTGTTGGGACGATCGAGAAA

GTCATGTGCTTCCGCTTCAC

ZmTPPA.1

GRMZM2G178546

GGCGGAAGATGACTATAAAAAGGTT

AGCGATTCAAGTAAAAACTCCACAG

ZmTPPH-3

GRMZM2G174396

GCCAAGGCCTCCTCTTCTTCT

CAGAACCTGTTGTTCTCCACCTTG

ZmTRE

GRMZM2G162690

CAACTGGTGATGTGGAGTTTGTTAG

GAAGCAATTTCGCAGTACAGTTTTT

ZmEF1α-1

GRMZM2G153541

AATCTCTGGTTTTGAAGGTGACAAC

CAAAAGTAACAACCATACCAGGCTTA

ZmPP2AA2-2

GRMZM2G122135

TACCTGTAATTTGTTGGGCCTTTTA

TACGTGTTGTGTCCTGCTCAATTAT

ZmCACS

GRMZM2G331032

CTGGGATTAAATGACAAGATTGGAC

ACCCTCTGTGATTCGATACTTCATC

ZmFbox3

GRMZM2G173354

TTCCAGGTTGCATATAAAGTTTGGT

AACACCTTCGCATAACGTTTTGTAT

ZmAKINβ

GRMZM2G064725

GTTTGCTGTTACAGAGAGCCAAGG

TTTCATTCCTGGGATGGGATG

ZmARG10 *

GRMZM2G142802

CAACCACGAGACTTTGCTTCTAAAC

CTAGGCAGGAAAAGTGAAAAAGGAT

ZmMDH

GRMZM2G068455

ATGGTTGCTGTTTGTTTCTAATTG

GTGTAAATAAGGCCTGGTTCAGAAA

ZmbZIP11

GRMZM2G361611

GTGTACTGTGTCACTCCACTCCAAC

ATTGTATGGTGCACTTCCTTTGTTT

ZmDPS

GRMZM2G137151

CGGCTCAGGACTCCCATTT

GCCGAGGCTTGAGATTGATAG

ZmIvr2

GRMZM2G089836

GCGTCTTCCTCTTCAACAACG

GTGGTTGTATGACGAGTCCATCTC

ZmIncw2

GRMZM2G139300

CGCCTGAAATTGAAGGGAAA

GTTGACGAAGAAGAAGAAGAACGAA

ZmSUSY1

GRMZM2G089713

GTACGGGGAAAGAAGAAGAAGAAGA

TGGAAACCAAGTACACATAACTCCA

ZmDIN6

GRMZM2G074589

ACCTTATGTTTATCACCCAGCAATG

ATGGAACTAAAAACATGATCGGAAG

ZmFiB2

GRMZM2G150648

TTGATGTTATCTTCTCTGATGTTGC

TTAGCCTTGATTGAAATGACAAAGT

ZmMLO14

GRMZM2G051974

AGGGTTTTATAATGACCCACAATCT

AATCTTCTCAAACTCCTCTTCCATT

ZmSUT1

GRMZM2G034302

AGACCAGGCCATTTATCCTGATAG

AGTGTTCCTTTGTGTCCCCTAGA

ZmBt2

GRMZM2G068506

CATTCTGGGAGGTGGTGC

GGTGACGGTTGAGGGAAG

ZmβGal

GRMZM2G130375

GGATTGCCAGGGTTTACAGGA

CTAACCACTTCTTCCATGCAAGTCT

Primers for RT-qPCR analysis for maize (Zea mays) kernels. Gene
products are between 80 bp and 250 bp for conserved regions of unique
protein sequences.
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Supplementary Figure 4

Standard curves of soluble sugars (glucose, fructose, and sucrose) and insoluble sugar
trehalose to be analyzed via capillary high pressure ionic chromatography. Lactose is
included to be used as an internal standard for sugar quantification.
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Supplementary Figure 5

Example of capillary HPIC output for carbohydrates using a cation exchange column.
The x axis measures charge in nanocoulombs (nC) and the y axis is the retention time
(min) of the molecules in the column. The top output shows typical peaks for 100 µM
standards and the bottom output is for a freshly harvested B73 kernel. Good separation
was achieved for trehalose, glucose, fructose, sucrose, and lactose sugars. Lactose
sugar is used as an internal control in kernel tissue.
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Supplemental Table 1

Days To
Tassel
ASI

Plant Height Ear Height

Ear Length Leaf Length

Leaf Sheath
Leaf Width
Length

Main Spike Middle Leaf
Length
Angle

Spikelets
Primary
Branch

Tassel
Branch

Tassel
Length

Tassel
Primary
Branches

Upper Leaf
Angle

Cob
Diameter

24.19

Cob Weight Days To Silk

100 Kernel
Weight

29.707

79.5

Oh43

NC358

NC350

MS71

18.67

20.74

17.7

19.26

22.04

25.535 15.053 69.611 68.111

23.4

85.833

OH7B

20
28.225 13.855

77.5

81.5

3.25

-1.833

-4

45

75.388 54.375

74.938

153.6

84.16

82.905 50.286 139.13 759.98

19.805 10.355 66.167 63.944 2.2222 45.263 14.684

15.048 82.375 82.571

P39

84

74.909 73.319 1.5902 66.615 33.738 152.09 776.28 129.07 89.938

187

12.25

300.06 22.438
14.25

24
274.29 10.429

56

68

Slope 012

Slope 4860

3.6114 3.3975

0.9317 0.6854

0.7111 0.9744

39.722 1.0863 1.2307

62

1.5388 1.0054

2.317

66.25

4.3015 2.7197

67.083 2.3887

65

197.33 363.92 21.167 70.313 1.2513 1.6789

270.71 10.063 26.563 0.8087 1.8339

209.75 355.75 11.125

138

204.33 357.21

187

66.348 19.857 182.26 313.64 7.1461 76.375 2.5655 2.8254

23.75

249.69 70.833

226.6

Family
24.01

B73

197.33 326.94

314.33 14.786

17.25

236

400.17 11.333 39.722 3.7172 3.3659

101.5

10.75

254.5

148

14.75

282.33 423.25

1.6165

16.138 76.667 74.222 2.4444 73.905 32.707 148.85 723.92

25.03

174.25 76.667

229.5

62.5

20.25

1.785

0.6866

26.32

B97

79.3

287.58

55.833

227.43 13.786 78.333

-0.162

251.67 368.56 12.625 57.143 0.5617 1.0185

-0.278
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94

265.5

17.25

51.75

2.048

18.75

16.093 80.778 81.056

163

93.75

185.93 58.333

19.5

133

7

1.4774

105.44 265.38 69.167

27.82

150

93.05

60

14

326.43

77.5

136

20.16
1.6667 80.101 48.228 123.08 814.56

158

75.25

233

73.333

193

7.2857

803.14

CML103

13.885 81.167

72.342 46.684 120.49 722.16

19.103 8.7325 75.944 74.111 1.8333 70.483 41.862 124.65 769.38

23.69

77.167 76.714 0.4524 74.721 31.651 127.43 841.18

25.963 18.983 84.625 81.375

108.45 902.78
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75.406

141

37

357.5

18

25.16

70.056 69.278 0.7778 64.633 28.379 156.67 767.56

133

92.306

55

201.67

88.694 166.63 73.333

CML333

9.91

23.035

64.192 26.486 139.54 887.41

116

92.861 236.64

21

156

151

HP301

23.11

28.758 11.543

-1.292

69.406 34.156 132.28 612.59

139

95.063 254.36 79.167

24.75

15

Ky21

27.06

26.25

0.625

58.468 23.242 160.95 687.31

136

57.025

25.5

45.833

M37W

18.88
25.03
12.858 79.375 80.667

1.5

81.071 40.286 155.08 768.34

115

94.267 228.33 66.667

19.46

14.15

Mo18W

24.31
21.78
15.505 78.813 78.188

-0.196

571.44

124

Tx303

Phenotypic notes for NAM population averaged over multiple locations and years. 100kernel weight data was collected at
from the 2013 growing season on UNL campus and the plant and ear height measurements were an average from both the
2012 and 2013 growing seasons for plants grown on UNL east campus. Slope values were calculated from kernels grown
in the 2012 growing season on UNL campus
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Supplemental Table 2

NC350

NC358

Inbred
CML103
CML333

Indiana, USA

North Carolina, USA

North Carloina, USA

Origin
Mexico
Mexico

Pedigree
Pop. 44 C4/ parents: AED-Tuxpeno
Pob590C3F373-1-1-7-M-#-5-2-B-#-B
Recurrent selection from an all-tropical hybrid
synthetic TROPHY(Tropical Hybrid Composite)
Derived from an experimental line sharing the
same pedigree of NC296 with an experimental
line from the hybrid H101 from El Salvador
Purdue Bantam [Gerdes et al., 1993]; Golden
Bantam [Gerdes & Tracy, 1994]
Iowa Stiff Stalk Synthetic C5
Supergold

Heterotic Group
TST
TST

P39
Iowa, USA
Indiana, USA
W8 X Oh40B

NSS
NSS

Description
dent kernel/white endosperm
dent kernel/white endosperm

B73
HP301
Ohio, USA

A619 X R168
Boone County White

NSS
dent kernel/white cob/yellow endosperm
white endosperm
white endosperm
yellow endosperm

dent kernel/yellow endosperm
popcorn
dent kernel/white cob/yellow
endosperm/resistant to carmine spider
mite/susceptible to Chilo partellus/low
stand count
dent kernel/yellow endosperm
dent kernel/white cob/white endosprem

sweet corn

mixed
mixed
mixed
mixed

NSS

SS
popcorn

sweet corn

TST

Oh43
Michigan, USA
Kentucky, USA

Developed from Iowa Corn Borer Synthetic No. 1,
dent kernel/yellow endosperm/ resistant to
after 9 cycles of reciprocal recurrent selection
corn borer
with Iowa Stiff Stalk Synthetic. (BSCB1)

Flint kernel/white cob/yellow endosperm

MS 71
Ky21
Iowa, USA

Yellow Surcropper
Wf9 X Mo22 (2)
21A^2 Jellicorse
[(Oh07 X 38-11) Oh07]

TST

B97
Texas,USA
Missouri, USA
South Africa
Ohio, USA

White cob/yellow endosperm

Tx303
Mo18W
M37W
Oh07B

Origin, pedigree, description, heterotic groups for the 15 NAM population parent lines used in this
study
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Appendix B
SAS Programing Code
To calculate Sucrose depletion Rate (0-12 h)
PROC IMPORT OUT= WORK.sucrose
DATAFILE= "C:\Users\owner\Desktop\Research\Revised
Format sucrose csv.csv"
DBMS=CSV REPLACE;
GETNAMES=YES;
DATAROW=2;
RUN;
data sucrose012;
set sucrose;
if time in (0,12);
run;
proc sort data=sucrose012;
by family rep treatment time;
run;
data sch012;
set sucrose012;
retain t0;
by family rep treatment time;
if first.treatment then t0=conc_;
if last.treatment then do;
b=(conc_-t0)/12;
output;
end;
run;
proc sort;
by family treatment;
run;
ods trace off;
*run a regression in order to get the b coefficient for each
family/treatment;
ods trace on;
proc glimmix data=sch012;
class family treatment;
model b=family|treatment/s;
lsmeans family*treatment/slicediff=family;
lsmestimate family*treatment 'B73 vs B93' 1 -1 -1 1;
lsmestimate family*treatment 'B73 vs cml103' 1 -1 0 0 -1 1;
lsmestimate family*treatment 'B73 vs cml333' 1 -1 0 0 0 0 -1 1;
lsmestimate family*treatment 'B73 vs HP301' 1 -1 0 0 0 0 0 0 -1
1;
lsmestimate family*treatment 'B73 vs Ky21' 1 -1 0 0 0 0 0 0 0 0
-1 1;
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lsmestimate family*treatment 'B73 vs KY21-2' 1 -1 0 0 0 0 0 0 0
0 0 0 -1 1;
lsmestimate family*treatment 'B73 vs Mo18W' 1 -1 0 0 0 0 0 0 0 0
0 0 0 0 -1 1;
lsmestimate family*treatment 'B73 vs Ms71' 1 -1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 -1 1;
lsmestimate family*treatment 'B73 vs M37W' 1 -1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 -1 1;
lsmestimate family*treatment 'B73 vs NC350' 1 -1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 -1 1;
lsmestimate family*treatment 'B73 vs NC358' 1 -1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 -1 1;
lsmestimate family*treatment 'B73 vs Oh7B' 1 -1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 1;
lsmestimate family*treatment 'B73 vs Oh43' 1 -1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 1;
lsmestimate family*treatment 'B73 vs P39' 1 -1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 1;
lsmestimate family*treatment 'B73 vs Tx303' 1 -1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 1;
ods output lsmeans=lsm012;
ods output slicediffs=sd012;
ods output lsmestimates=lsmest012;
run;
proc sort data=sd012;
by estimate;
run;
*pull out just the slope estimates;
data par012;
set par012;
if effect='Time';
run;
proc glimmix data=par012;
class family treatment;
model estimate=treatment;
random family family*treatment/s;
lsmeans treatment;
run;
proc glimmix data=sucrose;
class family treatment rep;
model conc_=treatment Time/htype=1 s;
random family family*treatment/s;
random _residual_/subject=rep(family*treatment) type=ar(1);
lsmeans treatment;
run;
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To calculate sucrose recovery (48-96 h)
PROC IMPORT OUT= WORK.sucrose
DATAFILE= "C:\Users\owner\Desktop\Research\Revised
Format sucrose csv.csv"
DBMS=CSV REPLACE;
GETNAMES=YES;
DATAROW=2;
RUN;
data sucrose4860;
set sucrose;
if time in (48,60);
run;
proc sort data=sucrose4860;
by family rep treatment time;
run;
data sch4860;
set sucrose4860;
retain t48;
by family rep treatment time;
if first.treatment then t48=conc_;
if last.treatment then do;
b=(conc_-t48)/-12;
output;
end;
run;
proc sort;
by family treatment;
run;
ods trace off;
*run a regression in order to get the b coefficient for each
family/treatment;
ods trace on;
proc glimmix data=sch4860;
class family treatment;
model b=family|treatment/s;
lsmeans family*treatment/slicediff=family;
lsmestimate family*treatment 'B73 vs B93' 1 -1 -1 1;
lsmestimate family*treatment 'B73 vs cml103' 1 -1 0 0 -1 1;
lsmestimate family*treatment 'B73 vs cml333' 1 -1 0 0 0 0 -1 1;
lsmestimate family*treatment 'B73 vs HP301' 1 -1 0 0 0 0 0 0 -1
1;
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lsmestimate family*treatment 'B73 vs Ky21' 1 -1 0 0 0 0 0 0 0 0
-1 1;
lsmestimate family*treatment 'B73 vs KY21-2' 1 -1 0 0 0 0 0 0 0
0 0 0 -1 1;
lsmestimate family*treatment 'B73 vs Mo18W' 1 -1 0 0 0 0 0 0 0 0
0 0 0 0 -1 1;
lsmestimate family*treatment 'B73 vs Ms71' 1 -1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 -1 1;
lsmestimate family*treatment 'B73 vs M37W' 1 -1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 -1 1;
lsmestimate family*treatment 'B73 vs NC350' 1 -1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 -1 1;
lsmestimate family*treatment 'B73 vs NC358' 1 -1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 -1 1;
lsmestimate family*treatment 'B73 vs Oh7B' 1 -1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 1;
lsmestimate family*treatment 'B73 vs Oh43' 1 -1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 1;
lsmestimate family*treatment 'B73 vs P39' 1 -1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 1;
lsmestimate family*treatment 'B73 vs Tx303' 1 -1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 1;
ods output lsmeans=lsm4860;
ods output slicediffs=sd4860;
ods output lsmestimates=lsmest4860;
run;
proc sort data=sd4860;
by estimate;
run;
*pull out just the slope estimates;
data par4860;
set par4860;
if effect='Time';
run;
proc glimmix data=par4860;
class family treatment;
model estimate=treatment;
random family family*treatment/s;
lsmeans treatment;
run;
proc glimmix data=sucrose;
class family treatment rep;
model conc_=treatment Time/htype=1 s;
random family family*treatment/s;
random _residual_/subject=rep(family*treatment) type=ar(1);
lsmeans treatment;
run;

133

R Programing Code

Tukey Test for Honest Significant Difference (HSD) between NAM inbred
lines for gene expression of genes of interest
##############################################################################
##
# RT-qPCR for Inbreds Oh43, B73, M37W for Gene comparisons using anova
#
#
HSDtest to form groupings
#
# Programmer: Sam Bledsoe
#
# Date: 7/10/14
#
##############################################################################
##
library(agricolae)
##############################################################################
##
#Read in the data
Tukey.Test<-read.csv(file = "C:\\RStat\\Tukey_groupings_NAM.csv", header = TRUE,
sep = ",")
##############################################################################
##
#TPS1-1
T2<-Tukey.Test[Tukey.Test$Time==48,1:6]
T2.S<-T2[T2$Treatment=="S",]
T2.gene<-T2.S[T2.S$Gene=="TPS1.1",]
model<-aov(Expression~Inbred * Rep , data=T2.gene)
summary(model)
comparison1 <- HSD.test(model,"Inbred", group=TRUE,
main="Expression of Different Maize inbreds for TPS1 48hrs")
comparison1
##############################################################################
##
#TPS10
T2<-Tukey.Test[Tukey.Test$Time==48,1:6]
T2.S<-T2[T2$Treatment=="S",]
T2.gene<-T2.S[T2.S$Gene=="TPS10",]
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model<-aov(Expression~Inbred * Rep , data=T2.gene)
summary(model)
comparison2 <- HSD.test(model,"Inbred", group=TRUE,
main="Expression of Different Maize inbreds for TPS10 48hrs")
comparison2
##############################################################################
##
#TPS11-2
T2<-Tukey.Test[Tukey.Test$Time==48,1:6]
T2.S<-T2[T2$Treatment=="S",]
T2.gene<-T2.S[T2.S$Gene=="TPS11.2",]
model<-aov(Expression~Inbred * Rep , data=T2.gene)
summary(model)
comparison3 <- HSD.test(model,"Inbred", group=TRUE,
main="Expression of Different Maize inbreds for TPS11-2 48hrs")
comparison3
##############################################################################
##
#TPPA
T2<-Tukey.Test[Tukey.Test$Time==48,1:6]
T2.S<-T2[T2$Treatment=="S",]
T2.gene<-T2.S[T2.S$Gene=="TPPA",]
model<-aov(Expression~Inbred * Rep , data=T2.gene)
summary(model)
comparison4 <- HSD.test(model,"Inbred", group=TRUE,
main="Expression of Different Maize inbreds for TPPA 48hrs")
comparison4
##############################################################################
##
#TPPG
T2<-Tukey.Test[Tukey.Test$Time==48,1:6]
T2.S<-T2[T2$Treatment=="S",]
T2.gene<-T2.S[T2.S$Gene=="TPPG",]
model<-aov(Expression~Inbred * Rep , data=T2.gene)
summary(model)
comparison5 <- HSD.test(model,"Inbred", group=TRUE,
main="Expression of Different Maize inbreds for TPPG 48hrs")
comparison5
##############################################################################
##
#TRE
T2<-Tukey.Test[Tukey.Test$Time==48,1:6]
T2.S<-T2[T2$Treatment=="S",]
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T2.gene<-T2.S[T2.S$Gene=="TRE",]
model<-aov(Expression~Inbred * Rep , data=T2.gene)
summary(model)
comparison6 <- HSD.test(model,"Inbred", alpha = .06,group=TRUE,
main="Expression of Different Maize inbreds for TRE 48hrs")
comparison6
##############################################################################
##
#AkinB
T2<-Tukey.Test[Tukey.Test$Time==48,1:6]
T2.S<-T2[T2$Treatment=="S",]
T2.gene<-T2.S[T2.S$Gene=="AkinB",]
model<-aov(Expression~Inbred * Rep , data=T2.gene)
summary(model)
comparison7 <- HSD.test(model,"Inbred", group=TRUE,
main="Expression of Different Maize inbreds for AkinB 48hrs")
comparison7
##############################################################################
##
T2<-Tukey.Test[Tukey.Test$Time==48,1:6]
T2.S<-T2[T2$Treatment=="S",]
T2.gene<-T2.S[T2.S$Gene=="ARG10",]
model<-aov(Expression~Inbred * Rep , data=T2.gene)
summary(model)
comparison8 <- HSD.test(model,"Inbred", group=TRUE,
main="Expression of Different Maize inbreds for ARG10 48hrs")
comparison8
##############################################################################
##
#MDH
T2<-Tukey.Test[Tukey.Test$Time==48,1:6]
T2.S<-T2[T2$Treatment=="S",]
T2.gene<-T2.S[T2.S$Gene=="MDH",]
model<-aov(Expression~Inbred * Rep , data=T2.gene)
summary(model)
comparison9 <- HSD.test(model,"Inbred", group=TRUE,
main="Expression of Different Maize inbreds for MDH 48hrs")
comparison9
##############################################################################
##
#DPS
T2<-Tukey.Test[Tukey.Test$Time==48,1:6]
T2.S<-T2[T2$Treatment=="S",]
T2.gene<-T2.S[T2.S$Gene=="DPS",]
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model<-aov(Expression~Inbred * Rep , data=T2.gene)
summary(model)
comparison10 <- HSD.test(model,"Inbred", group=TRUE,
main="Expression of Different Maize inbreds for DPS 48hrs")
comparison10
##############################################################################
##
#INV2
T2<-Tukey.Test[Tukey.Test$Time==48,1:6]
T2.S<-T2[T2$Treatment=="S",]
T2.gene<-T2.S[T2.S$Gene=="INV2",]
model<-aov(Expression~Inbred * Rep , data=T2.gene)
summary(model)
comparison11 <- HSD.test(model,"Inbred", group=TRUE,
main="Expression of Different Maize inbreds for INV2 48hrs")
comparison11
##############################################################################
##
#print the groupings
comparison1
comparison2
comparison3
comparison4
comparison5
comparison6
comparison7
comparison8
comparison9
comparison10
comparison11

##############################################################################
##
##############################################################################
##
##############################################################################
##
#
60hrs: 12 hours into recovery
#
##############################################################################
##
#import data:
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library(agricolae)
Tukey.Test2<-read.csv(file = "C:\\RStat\\Tukey_HSD_S_C_magdiff_NAM.csv", header = TRUE,
sep = ",")
##############################################################################
##
#TPS1
T.gene1<-Tukey.Test2[Tukey.Test2$Gene=="TPS1.1",]
model<-aov(Expression~Inbred * Rep , data=T.gene1)
summary(model)
comparison1 <- HSD.test(model,"Inbred", alpha=.05,group=TRUE,
main="Expression of Different Maize inbreds for TPS1 60hrs")
comparison1
##############################################################################
##
#TPS10
T.gene2<-Tukey.Test2[Tukey.Test2$Gene=="TPS10",]
model<-aov(Expression~Inbred * Rep , data=T.gene2)
summary(model)
comparison2 <- HSD.test(model,"Inbred", alpha=.05,group=TRUE,
main="Expression of Different Maize inbreds for TPS10 60hrs")
comparison2
##############################################################################
##
#TPS11.2
T.gene3<-Tukey.Test2[Tukey.Test2$Gene=="TPS11.2",]
model<-aov(Expression~Inbred * Rep , data=T.gene3)
summary(model)
comparison3 <- HSD.test(model,"Inbred", alpha=.05,group=TRUE,
main="Expression of Different Maize inbreds for TPS11.2 60hrs")
comparison3
##############################################################################
##
#TPPA
T.gene4<-Tukey.Test2[Tukey.Test2$Gene=="TPPA",]
model<-aov(Expression~Inbred * Rep , data=T.gene4)
summary(model)
comparison4 <- HSD.test(model,"Inbred", alpha=.05,group=TRUE,
main="Expression of Different Maize inbreds for TPPA 60hrs")
comparison4
##############################################################################
##
#TPPG
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T.gene5<-Tukey.Test2[Tukey.Test2$Gene=="TPPG",]
model<-aov(Expression~Inbred * Rep , data=T.gene5)
summary(model)
comparison5 <- HSD.test(model,"Inbred", alpha=.05,group=TRUE,
main="Expression of Different Maize inbreds for TPPG 60hrs")
comparison5
##############################################################################
##
#TRE
T.gene6<-Tukey.Test2[Tukey.Test2$Gene=="TRE",]
model<-aov(Expression~Inbred * Rep , data=T.gene6)
summary(model)
comparison6 <- HSD.test(model,"Inbred", alpha=.05,group=TRUE,
main="Expression of Different Maize inbreds for TPPG 60hrs")
comparison6
##############################################################################
##
#AkinB
T.gene7<-Tukey.Test2[Tukey.Test2$Gene=="AkinB",]
model<-aov(Expression~Inbred * Rep , data=T.gene7)
summary(model)
comparison7 <- HSD.test(model,"Inbred", alpha=.05,group=TRUE,
main="Expression of Different Maize inbreds for AkinB 60hrs")
comparison7
##############################################################################
##
#ARG10
T.gene8<-Tukey.Test2[Tukey.Test2$Gene=="ARG10",]
model<-aov(Expression~Inbred * Rep , data=T.gene8)
summary(model)
comparison8 <- HSD.test(model,"Inbred", alpha=.05,group=TRUE,
main="Expression of Different Maize inbreds for ARG10 60hrs")
comparison8
##############################################################################
##
#MDH
T.gene9<-Tukey.Test2[Tukey.Test2$Gene=="MDH",]
model<-aov(Expression~Inbred * Rep , data=T.gene9)
summary(model)
comparison9 <- HSD.test(model,"Inbred", alpha=.05,group=TRUE,
main="Expression of Different Maize inbreds for MDH 60hrs")
comparison9
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##############################################################################
##
#DPS
T.gene10<-Tukey.Test2[Tukey.Test2$Gene=="DPS",]
model<-aov(Expression~Inbred * Rep , data=T.gene10)
summary(model)
comparison10 <- HSD.test(model,"Inbred", alpha=.05,group=TRUE,
main="Expression of Different Maize inbreds for DPS 60hrs")
comparison10
##############################################################################
##
#INV2
T.gene11<-Tukey.Test2[Tukey.Test2$Gene=="INV2",]
model<-aov(Expression~Inbred * Rep , data=T.gene11)
summary(model)
comparison11 <- HSD.test(model,"Inbred", alpha=.05,group=TRUE,
main="Expression of Different Maize inbreds for INV2 60hrs")
comparison11
##############################################################################
##
#print the groupings
comparison1
comparison2
comparison3
comparison4
comparison5
comparison6
comparison7
comparison8
comparison9
comparison10
comparison11

Generating a correlation matrix for phenotypes for NAM Parent Lines
#############################################################
# Sam Bledsoe
#
# PLSH 371
#
# Multivariate analysis for NAM Population phenotypic notes
#
#############################################################

NAM <-read.csv(file = "C:\\RStat\\PCA012,4860.csv",header = TRUE,
sep = ",")
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NAM4860<-read.csv(file = "C:\\RStat\\PCA4860.csv",header = TRUE,
sep = ",")
M<-scale(NAM[,-1])
NAM2<-data.frame(NAM[,1],M)
M2<-scale(NAM4860[,-1])
NAM4860.2<-data.frame(NAM4860[,1],M2)
#################################################################
#Correlation matrix
#################################################################
cor (NAM2[,-1])
cor (NAM4860.2[,-1])

